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SUMMARY 


Future  com  muni  cat  ion  systems  such  as  the  Phase  II  DSCS  will  use 
coherent  phase-shift  keyed  (PSK)  modulation  with  forward  error  control  <  FKC  » 
coding  and  will  he  transmitted  at  X-band  frequencies.  Since  coherent  PSK 
systems  using  FFU  are  especially  sensitive  to  signal  spectral  purity  and  since 
spectral  purity  is  directly  proportional  to  the  transmission  frequency,  verv 
careful  system  designs  must  be  used  in  X-band  transmission  systems.  These 
systems  will  require  various  frequency  generation  equipment  such  as  atomic 
standards  lor  long-term  frequency  accuracy,  and  various  combinations  of  crystal 
oscillators,  frequency  synthesizers  and  frequency  multipliers  which  are  necessary 
to  provide  flexible  transmit  and  receive  frequency  assignments. 

The  ultimate  objective  of  this  effort  is  to  provide  guidance  on  spectral 
purity  requirements  for  the  Phase  II  DSCS  terminals  and  associated  frequency 
generation  equipment. 

In  this  report  we  have  limited  ourselves  to  the  following  immediate 
objectives: 

•  Evaluate  expected  phase  noise  performance  of  various  combinations 
of  existing  modulation  and  terminal  subsystems  operating  in  the 
Phase  II  DSCS. 

•  Use  this  insight  to  generate  methods  for  specification  of  allowable 
phase  noise  as  a  function  of  desired  system  performance. 

To  reach  these  objectives  it  has  been  necessary  to  evaluate  effects  of 
phase  noise  upon  (partially)  coherent  PSK  demodulation  performance  and  therebv 
gain  insight  into  the  dynamics  of  system  performance.  It  is  known  that  demodula¬ 
tion  of  coherent  I*SK  signals  requires  knowledge  of  the  phase  of  the  original 
(unmodulated)  carrier  waveform.  Estimates  of  carrier  phase  may  be  derived 
from  the  received  signal  by  the  well  known  techniques  of  phase-locked  loop 
(IT. 1. 1  theory.  Here  it  is  shown  that  optimum  demodulation  performance  (i.  e.  , 


minimum  bit  error  rate  (BER))  in  the  presence  of  phase  noise  and  thermal  noise 
is  obtained  by  optimizing  the  bandwidth  of  the  carrier  tracking  PLL.  Using  this 
technique,  optimum  demodulation  performance  for  BPSK  and  QPSK  systems  is 
derived  for  terminals  conforming  to  phase  noise  specifications  designated  "modi¬ 
fied  HT-MT"  which  is  a  modified  version  of  an  early  DSCS  HT-MT  earth  termi¬ 
nal  incidental  F.M  specification  (SCA-2080A;  see  also  Figure  4-1  which  appears 
at  the  end  of  this  summary').  Results  obtained  also  include  the  effects  of  rate 
1  2,  constraint  length  7,  convolutional  encoding  with  3  bit,  soft  decision  Yiterbi 
decoding.  *  Two  other  phase  noise  curves  have  also  been  synthesized,  designated 
cesium  11*  •  and  crystal  11**  (Figure  4-5),  which  are  now  considered  to  be  real¬ 
istic  estimates  of  phase  noise  expected  for  terminal  of  the  Phase  II  DSCS.  Using 
these  three  types  of  terminal  phase  noise  sources  and  convolutional  encoding; 
an  allowable  interv  al  of  signaling  rates  are  determined  for  BPSK  and  QPSK 
modulation  systems  when  demodulation  losses  due  to  imperfect  carrier  tracking 
are  limited  to  0.2  dB.  Results  are  summarized  in  Table  S-l  (found  at  end  of 
summary ). 

Subsystem  Performance  Evaluations 

1.  Using  the  "modified  HT-MT"  phase  noise  specification.  Table  S-l 
shows  that  inadequate  phase  noise  performance  leads  to  both  mini¬ 
mum  and  maximum  signal  rates  even  with  the  use  of  optimized 
phase  estimators  when  using  convolutional  encoding  and  Yiterbi  de¬ 
coding.  However,  with  the  most  recent  estimates  of  phase  noise 
spectral  densities  (cesium  II  and  crystal  ID  expected  for  the  Phase 
II  DSCS  terminals,  the  upper  bound  on  signaling  rate  is  far  greater 
than  the  data  rates  of  interest. 


•See  note  1. 

**A  roman  numeral  II  has  been  used  here  to  help  differentiate  current  data 
from  that  which  appeared  in  a  prior  memorandum. 
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System  performance  has  also  been  determined  for  three  modems 
being  designed  for  the  Phase  II  DSCS  using  frequency  converters 
conforming  to  the  modified  version  of  the  incidental  FM  noise  speci¬ 
fication  SC  A -20s  0  A  (Figure  4-1),  and  the  synthesized  phase  noise 
data  of  Section  4  (Figure  4-7). 

2.  Expected  performance  of  the  Radiation,  Inc.  BPSK  modem  (MI) 

921Gi  is  summarized  in  Table  S-2. 

3.  Results  for  the  Raytheon,  Inc.  TDMA  are  summarized  in  Tables 
S- 3t a »  and  (b)  when  the  modem  is  operated  with  a  100  Hz  one-sided 
PEL  noise  bandwidth  and  an  optimized  bandwidth,  respectively. 
Dramatic  improvements  in  system  performance  are  noted  here  for 
a  small  increase  in  system  complexity  caused  by  the  use  of  a  vari¬ 
able  bandwidth  PLL. 

4.  Results  for  the  Magnavox  Research  Laboratory,  Inc.  AN/USC-2" 
spread-spectrum  modem  are  presented  in  detail  in.  ^  In  the  cited 
reference  it  is  shown  that  the  most  critical  performance  require¬ 
ments  on  carrier  phase  estimation  performance  occurred  at  the 
lowest  information  rates,  where  the  phase  noise  of  an  improved  AN 
ASC-18  terminal  would  be  similar  to  that  of  the  synthesized  phase 
noise  (cesium  II  of  Figure  4-7)  expected  for  the  HT-MT  (AN,  MSC-GOi 
and  the  upgraded  MSC-4G  terminals.  Therefore,  at  low  data  rates, 
demodulation  performance  for  the  USC-28  operating  with  the  above 
DSCS  terminals  will  be  similar  to  that  given  in^  when  this  modem 

is  operated  with  the  improved  AN,  ASC-18  terminal.  At  high  frequency 
offsets  from  the  carrier  frequency,  the  synthesized  phase  noise  curve 
(cesium  11  of  Figure  4-7)  will  be  better  than  that  of  the  improved  AN 
ASC -18;  therefore  at  high  data  rates  performance  of  the  t’SC-28  with 
the  HT-MT  or  upgraded  MSC-46  will  be  better  than  that  shown  LnJ1^ 
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Phase  Noise  Specification 

A  method  of  generating  specification  on  oscillator  phase  noise  has  been 

devised  based  on  phase  noise  power  in  a  band  specification.  Analysis  reveals 

that  the  shape  of  the  oscillator  phase  noise  spectral  density  is  of  secondare 

importance  to  the  area  under  the  phase  noise  spectral  density  curve  in  the 

region  between  the  tracking  filter  3-dB  bandwidth  (i.e.  ,  for  a  PLL  this  quantity 

is  f  )  and  the  3-dB  bandwidth  of  the  demodulator  filter  (for  a  matched  filter 
n 

this  occurs  at  1/2  the  PSK  symbol  rate*. 

The  design  specifications  on  phase  noise  power  in  frequency  bands  as  a 
function  of  demodulation  losses  for  systems  with  rate  1/2,  constraint  length  7, 
convolutional  encoding  and  3  bit  soft  decision  Viterbi  decoding  are  summarized 
in  Tables  S-4,  S-5  and  Figure  S-l. 

Based  on  this  method  results  are  presented  in  Tables  S-6  and  S-7  which 
are  the  desired  Phase  II  DSCS  terminal  phase  noise  specifications  for  the  AN 
MSC-GO(HT)  "Follow-on"  and  the  AN,  MSC-46  "Upgrade,"  respectively. 

Finally,  it  should  be  pointed  out  that  recent  computer  simulations  on  the 
performance  of  rate  1/2,  constraint  length  7,  convolutional  encoding  with  3  bit 
soft  decision  Viterbi  decoding  performed  at  CSC  indicates  that  the  theoretical 
loss  versus  phase  error  variance  functional  derived  in  j 2]  and  used  in  this 
report,  may  not  be  as  severe  as  indicated.  However,  all  of  the  phase  noise 
specifications  derived  here  are  not  unreasonable  since  they  can  be  satisfied 
with  state  of  the  art  techniques. 
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Table  S-l .  Allowable*  Information  Rates  for  Suppressed  Carrier  RPSK  and  yPSK  Signaling  With 
Several  Possible  Phase  Noise  Sources  in  the  DSCS  and  With  Soft  Decision  Cl-bit  |, 

Rate  1/2,  Constraint  Length  7  Viterbi  Decoding  at  11KR  10  J 


Acceptable  loss  <  .2  dB  with  bandwidth  optimized  carrier  tracking  PLL 
Phase  Noise  contribution  from  2  terminals  and  1  equivalent  satellite 


Table  S-3(a).  Allowable*  Information  Rates  for  Raytheon  TDMA  With  PLL  Noise  Bandwidth 
of  I  no  Hz.  Operation  With  Possible  Phase  11  BSCS  Noise  Contributors  and  With 


Table  S-5.  K<)uivalent  Power  Doss  and  Corresponding  Phase  Noise  Variances 
Rased  on  Conservative  f-’1  Phase  Noise  Cha raeferist ie  Design  and  Gaussian  Doss  Approximation 
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Table  S-G.  Proposed  Specification  on  Spectral  Purity 
for  the  Follow-on  AN/MSC-60  (HT) 


1 . 0  Spectral  Purity 

The  total  spurious  content  added  to  any  transmitted  or  received  carrier, 
including  phase  noise  and  discrete  spurious  signals,  shall  not  exceed  con- 
dilions  specified  in  the  following  paragraphs. 

1 .  1  S(>ectral  Purity  for  BPSK-QPSK 

a.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  25  dll 
below  the  carrier  level  when  measured  in  a  band  0.  6  Hz  to  75  Hz 
from  the  carrier  frequency. 

b.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  37.5 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands-. 

(b-1)  5  Hz  to  10  kHz  from  the  carrier  frequency 

(b-2 )  20  Hz  to  70  kHz  from  the  carrier  frequency 

(b - 3 >  200  Hz  to  0.6  MHz  from  the  carrier  frequency 

(b-4)  1.7  kHz  to  5  MHz  from  the  carrier  frequency 

(b-5)  7  kHz  to  20  MHz  from  the  carrier  frequency 

1 . 2  Spectral  Purity  for  FDM  FM 

Total  spurious  content  from  both  sides  of  the  carrier  measured  in  any 
3  kHz  bandwidth  shall  be  below  the  carrier  level  as  follows: 

a.  57  dB  minimum  from  12  kHz  to  20  kHz 

b.  62  dll  minimum  from  20  kHz  to  3<>  kHz 

e.  65  dB  minimum  from  30  kHz  to  300  kHz 

1 . 3  Spectral  l>urit>  for  Burs!  Coherent  TOMA 

Total  spurious  content  from  both  sides  of  the  carrier  shall  be  at  least 
37  5dB  below  the  carrier  level  when  measured  in  a  band  23  Hz  -  40  MHz 
from  the  carrier  frequency. 
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Table  S-7.  Proposed  Specification*  on  Spectra)  Purity 
for  the  AN/MSC-46  "Upgrade"  Terminal 


1 .  0  Spectral  Purity  | 

The  total  spurious  content  added  to  any  transmitted  or  received  carrier,  ' 
including  phase  noise  and  discrete  spurious  signals,  sha))  not  exceed  condi¬ 
tions  specified  in  the  following  paragraphs. 

1 .  0  Spectral  ihirity  for  DPSK-QPSK 

a.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  37 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands: 

(a - 1  >  0.6  Hz  to  75  Hz  from  the  carrier  frequency 

(a -2  >  1. 8  Hz  to  200  Hz  from  the  carrier  frequency 

b.  Total  spurious  content  from  both  sides  of  the  carrier  at  least  37.  5 
dB  below  the  carrier  level  when  measured  in  the  following  fre¬ 
quency  bands: 

(b-I)  5  Hz  to  16  kHz  from  the  carrier  frequency 

(b-2)  20  Hz  to  76  kHz  from  the  carrier  frequency 

(b - 3 )  200  Hz  to  0.  6  MHz  from  the  carrier  frequency 

(b - 4 1  17  kHz  to  5  MHz  from  the  carrier  frequency 

(b-5)  7  kHz  to  20  MHz  from  the  carrier  frequency 

1 . 2  Spectral  Purity  for  FDM  FM 

Total  spurious  content  from  both  sides  of  the  carrier  measured  m  am 
3  kHz  bandwidth  shall  be  below  the  carrier  level  as  follows: 


Table  S-7.  Proposed  Specification*  on  Spectral  Purity 
for  the  AN/MSC-4G  "Upgrade"  Terminal  (Cont'd) 


a.  57  dB  minimum  from  12  kHz  to  20  kHz 

b.  62  dB  minimum  from  20  kHz  to  30  kHz 

e.  65  dB  minimum  from  30  kHz  to  300  kHz 

1.  3  Spool  r:il  Purity  lor  Burst  Coherent  TDM  A 

Total  spurious  content  from  both  sides  of  the  carrier  shall  be  at  least 
37.  5  dB  below  the  carrier  level  when  measured  in  a  band  23  Hz  -  40  MHz 
from  the  carrier  frequency. 

1 _ _ _ 


•Specifications  do  not  include  effects  of  reference  standard.  Also  assumes  that 
terminal  phase  noise  is  dominated  by  reference  at  frequencies  below  2  00  Hz. 


SECTION  1  -  INTRODUCTION 


The  need  for  specifications  on  phase  noise  arise  because  all  information 
conveyed  in  a  coherent  PSK  signal  resides  in  phase  changes  added  to  an  unmodu¬ 
lated  phase  reference  (carrier  phase  reference).  The  phase  reference  is, 

alas,  always  imperfect  even  at  the  transmitter  since  it  always  contains  noise 
13  41 

perturbations  ’  1  characterized  as  phase  noise  for  high  frequency  perturba¬ 
tions  and  long-term  drifts  for  low  frequency  perturbations.  Because  the  reccr,  cr 
has  no  a  priori  knowledge  of  these  phase  perturbations  in  time,  the  receiver 
has  to  distinguish  between  the  PSK  modulation  and  the  phase  noise.  Our 
problem  at  the  receiver  then  becomes  one  of  estimating  carrier  phase  perturba¬ 
tions  in  the  presence  of  PSK  modulation  and  additive  white  Gaussian  noiS‘ 
lAWGNi.  15,61 

A  perfect  reference  is,  by  definition,  physically  unrealizable.  Non- 
realizability  occurs  because  the  parameters  which  characterize  the  reference 
arc  not  truly  constant  with  time  but  have  random  noise  perturbations  super¬ 
imposed.  Optimum  performance  in  PSK  systems  demands  that  we  estimate 
phase  noise  fluctuations  of  the  reference  phase  so  that  their  effects  can  be 
minimized.  Since  all  information  is  contained  in  the  PSK  signal  phase,  amplitude 
noise  effects  are  only  of  significance  when  passed  through  devices  which  cause 
amplitude  noise  to  be  converted  to  phase  noise. 

Estimation  accuracy  may  be  characterized  in  the  mean  square  error  (MSEi 

2 

sense  bv  the  total  phase  estimation  error  variance  cr  The  total  error  variance 

tot. 

is  the  sum  of  two  terms:  (1)  a  phase  error  variance  due  to  the  effects  of  thermal 
2  2 

noise  cr^,  and  (2)  a  phase  error  variance  <r  due  to  the  inability  of  the  carrier 
phase  estimator  to  completely  estimate  the  entire  phase  noise  process  on  the 
received  signal. 
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It  is  known  that  the  phase  error  variance  due  to  thermal  noise  is  directly 
proportional  to  the  noise  bandwidth  of  the  reference  phase  estimator.  Here 
we  show  that  the  error  variance  due  to  phase  noise  is  inversely  proportational 
to  various  functions  of  the  phase  estimator  noise  bandwidth.  (These  inverse 
functions  are  directly  related  to  the  phase  noise  spectrum  present  on  the 
reference  signal.  )  Thus,  a  set  of  opposing  constraints  is  given  for  minimising 
phase  error  variance  resulting  in  an  optimum  phase  estimator  noise  bandwidth 
(optimum  in  the  sense  that  it  provides  the  minimum  mean  square  error  (MMSKu. 

In  this  report  considerable  effort  is  directed  towards  derivation  of  this 
optimum  bandwidth,  and  thus  the  MMSE  for  systems  using  second  order  PLLs 
of  the  power  variety  (squaring,  quadrupling,  etc.  )  or  decision-directed  feed¬ 
back  type,  or  pure  second  order  PLLs  when  an  auxiliary  unmodulated  carrier 
sinusoid  is  utilized.  Since  the  order  of  an  optimal  linear  phase  estimator  is  a 
function  of  the  order  of  the  oscillator  phase  noise  spectral  density,  higher  order 
PLLs  (i.e.  ,  3rd  or  4th)  may  be  desirable  in  certain  instances,  however,  the 
analysis  could  easily  be  extended  with  some  additional  algebraic  complexity. 

In  the  preceding  we  have  focused  attention  on  the  fidelity  of  the  carrier 

2 

phase  estimator  as  expressed  by  its  total  phase  error  variance  cr ■  and  we  have 

only  hinted  that  this  parameter  is  directly  related  to  a  demodulation  performance 
in  a  coherent  PSK  system.  In  the  literature  several  analyses  are  available,^’ ^ 
which  show  demodulation  loss  from  ideal  performance  in  a  coherent  PSK  system 
when  using  a  noisy  phase  reference.  These  analyses  account  only  for  thermal 
noise  corruption  of  the  carrier  phase  estimator.  Here  the  loss  functionals 
derived  in  these  references  are  extended  to  include  the  additional  degradations 
caused  by  incomplete  estimation  of  the  phase  noise  process  on  the  received 
signal. 

Furthermore,  future  communication  systems  (e.g. ,  Phase  11  DSLS) 
will  be  increasingly  sensitive  to  errors  in  carrier  phase  estimation  due  to  the 
use  of  forward  error  control  coding  (FEC).  Because  of  the  increased  sensitivity 
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of  PSK  systems  with  EEC,  it  is  of  utmost  importance  to:  (1)  Obtain  estimates 

of  all  phase  noise  added  to  any  coherent  PSK  transmission  system,  (2)  Calculate 

the  exact  performance  (expressed  in  the  sense  of  mean  square  error  (MSE)  by 

2 

the  phase  estimation  error  variance  a  )  of  various  carrier  phase  estimation 

techniques  in  the  presence  of  thermal  noise  (AWGN)  and  phase  noise,  (3)  Apply 

(2  7 ,  h] 

the  phase  estimation  error  variance  to  various  decoding  loss  functions 
and  thereby  obtain  demodulation  loss  curves,  and  finally  (4)  Derive  specifica¬ 
tions  on  adequate  phase  noise  performance  for  transmission  and  receive  facilitie: 
(of  the  Phase  II  I)S('S). 

The  use  of  EEC  is  suppressed  carrier  systems  allows  signaling  at 
extremely  low  energy  per  bit  to  noise  density  ratios,  thus  carrier  phase 
estimates  must  have  additional  signal  processing  gain  to  provide  immunity 
against  a  relatively  large  amount  of  AWGN.  This  leads  to  requirements  for 
extremely  small  bandwidths  for  carrier  phase  estimation  and  therefore 
places  additional  restrictions  on  the  allowable  level  of  phase  noise. 

The  problem  of  estimating  coherent  PSK  system  performance  in  the 
presence  of  thermal  noise  and  phase  noise  may  be  formulated  more  precisely 
by  the  following  mathematical  representation.  A  typical  receiver  signal  in  a 
suppressed  carrier  coherent  PSK  modulation  system  is: 

r(t)  =  V(t>  +  n(t) 


where 


V(t) 


and 


n(t) 


V 

o 


V  -  <(t) 
o 


sin 


2  ry  t 
o 


2-k 

m 


<50(t)  +  </ 


an  additive  whim  gaussian  noise  (AWGN) 


the  nominal  amplitude 


the  nominal  frequency 


m  =  the  maximum  number  of  phase  positions  (e.g.,  m  =  4  QPSKi 

k  =  0,1,,,  m-1  determines  the  modulation  angle  in  the  interval  [t,  t-Tj 

<J>  =  an  arbitrary  but  fixed  phase  offset 

c(t )  =  an  amplitude  noise  fluctuation 

ft<f)(ti  the  phase  noise  fluctuation  including  all  amplitude  fluctuations 
which  have  been  passed  through  AM  to  PM  conversion  devices. 

Assuming  that  «  1,  amplitude  fluctuations  can  be  ignored.  Since 

'  o 

the  constant  angle  i b  is  either  known  or  can  be  estimated,  its  effects  may  be 

A 

ignored.  If  the  estimate  of  the  phase  noise  term  8<£(t)  can  be  made  accurately 
{i.e.  ,  |8d>(t)  -  S<f>(t)|«84>(t)},  then  the  effects  of  phase  noise  can  be  minimized. 

A 

Of  course  carrier  phase  estimates  8<£(t)  will  be  less  than  perfect  since  they 
must  be  made  in  the  presence  of  AWGN  and,  in  the  case  of  suppressed  carrier 
system,  simultaneously  in  the  presence  of  phase  modulation.  Errors  in  carrier 
phase  estimates  which  are  induced  by  AWGN  can  be  minimized  by  using  an  esti¬ 
mator  with  long  averaging  time  (small  bandwidth).  However,  if  the  phase 
fluctuations  5d>(t)  contain  high  frequency  spectral  components  with  high  energy 
content,  a  phase  estimator  with  short  averaging  time  (large  bandwidth)  is  re¬ 
quired  leading  to  a  conflicting  set  of  constraints  and  an  optimum  averaging 
time  (bandwidth i  for  optimum  performance. 
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SECTION  2  -  SYSTEM  DEFINITIONS.  PHASE  NOISE  TERMINOLOGY 
AND  THE  IMPACT  OF  ANY  COLOR  PHASE  NOISE  ON  PARTIALLY 
COHERENT  PSK  SYSTEM 


2.1  SYSTEM  DEFINITIONS 

In  a  complex  satellite  communication  system  such  as  the  DSCS  which  uses 
convolutional  (rate  1  2)  and  differential  encoding  together  with  M-ary  (M  2,  4) 
PSK  modulation,  a  common  source  of  confusion  is  the  terminology  used  by 
different  people  to  describe  the  same  phenomenon.  One  designer's  bits  be¬ 
come  another  designer's  symbols  especially  for  people  concerned  with  coding 
and  modulation.  Because  the  arguments  for  naming  these  items  are  extremely 
convincing,  depending  upon  the  designer's  area  of  expertise,  the  approach  used 
here  will  be  to  define  symbols  via  a  system  diagram  and  let  the  reader  change 
the  names  to  suit  his  requirements. 

Figure  2-1  depicts  the  general  system  diagram.  Since  the  main  item  of 

interest  here  is  the  modulation-demodulation  system,  the  term  modulation  bits 

at  rate  R  is  used  to  describe  the  input  transition  rate  to  the  M-ary  modulator 
mb 

which  then  produces  modulation  symbols  at  rate  R  .  Henceforth,  unless  other- 

ms 

wise  stated,  all  references  to  symbols  or  symbol  rate  refer  to  modulation 
symbols  and  all  references  to  bits  refer  to  modulation  bits  as  described  above. 

2.  2  PHASE  NOISE  TERMINOLOGY 

Another  source  of  confusion  may  arise  from  the  specification  of  oscillator 

phase  noise  spectral  density.  In  this  memorandum  the  definition  which  has  been 

used  is  a  1 -sided  spectrum  at  low  pass  (at  baseband)  as  defined  by  the  symbol 

S.  (f)  and  in  Figure  2-2(a).  Other  possible  representations  of  phase  noise  spec- 
00 

tral  density  are  given  by  Figures  2-2(b,  c,  d).  Many  hardware  developers  choose 
to  display  phase  noise  spectral  density  by  plotting  only  the  upper  sideband  of 
Figure  2 -2(d).  The  ordinate  is  then  referred  to  as  single-side  band  noise  to 
carrier  ratio  and  sometimes  denoted  as  Iff).  No  problems  arise  as  long  as  it 
is  clear  which  spectral  density  representation  is  being  used.  * 
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2.  Phase  Noise  Density;  Definitions  Adopted  in  This  Report 
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2.3  GENERAL  IMPACT  OF  ANY  COLOR  PHASE  NOISE  ON  PARTIALLY 
COHERENT  PSK  SYSTEMS 

The  introduction  of  this  report  has  indicated  that  a  demodulation  perfor¬ 
mance  tradeoff  exists  between  a  design  which  efficiently  tracks  out  phase  noise 
perturbations  present  on  the  transmitted  PSK  signal  and  a  design  that  excludes 
as  much  thermal  noise  as  possible.  A  common  misunderstanding  in  the  design 
ami  description  of  coherent  PSK  communications  is  that  the  effects  of  a  white- 
oscillator  phase  noise  process  on  the  transmitted  signal  may  somehow  be 
treated  as  an  equivalent  additive  thermal  noise  at  the  receiver  front  end.  The 
distinction  between  these  two  phenomena  may  be  seen  from  the  following 
arguments.  Phase  noise  results  from  multiplicative  processes  which  cause  a 
pure  rotation  of  the  phase  reference  relative  to  the  PSK  decision  region  struc¬ 
ture.  Since  a  rotation  affects  decisions  on  any  transmitted  PSK  symbol  in 
precisely  the  same  manner,  i.  e. ,  independent  of  the  symbol  phase,  it  is 
possible  by  estimating  the  angle  of  rotation  of  the  phase  reference  to  compen¬ 
sate  for  phase  noise  effects.  The  phase  component  caused  by  the  additive, 
thermal,  noise  affects  the  signal  in  a  different  manner.  That  is,  a  particular 
thermal  noise  waveform  will  cause  a  phase  rotation  the  magnitude  and  direction 
of  which  is  dependent  upon  the  received  PSK  symbol  phase.  Therefore,  phase 
rotation  of  the  reference  caused  by  thermal  noise  cannot  be  removed  in  a  way 
that  is  independent  of  the  receiver  symbol  sequence  as  in  the  case  for  carrier 
phase  noise. 

Since  the  ultimate  aim  is  to  coherently  detect  the  transmitted  PSK  modu¬ 
lation  angle  (data  symbols)  with  as  few  errors  as  possible,  it  is  desirable  to 
maximize  tracking  of  the  carrier  phase  noise  process  (including  the  flat  (white)* 
portion  of  the  spectrum)  simultaneously  excluding  as  much  additive  thermal 
noi6e  as  possible. 


•Of  course  If  the  entire  oscillator  phase  noise  spectrum  is  flat  (white)  and 
high  level,  the  discussion  of  coherent  syBtem  is  absurd. 


2-4 


It  is  shown  in  Section  3  and  in  (6)  that  the  demodulation  process  usually 
involves  a  matched  filter  or  integrate-and-dump  filter  which  suppresses  the 
effects  of  errors  in  the  carrier  phase  reference  at  frequencies  beyond  one-hall 
of  the  PSK  symbol  rate.  Thus,  the  most  desirable  carrier  phase  tracking 
system  should  track  as  much  of  the  phase  noise  process  (including  the  flat 
portion  of  the  phase  noise  spectral  density)  as  possible,  within  a  bandwidth 
equal  to  one-half  of  the  symbol  rate,  simultaneously  excluding  as  much  additne 
thermal  noise  as  possible. 

It  is  tacitly  assumed  that  when  designing  a  coherent  PSK  system  the  design 
is  ultimately  limited  by  thermal  noise  effects  on  the  phase  reference  rather  than 
by  phase  noise.  That  is,  bv  increasing  the  carrier  tracking  system  bandwidth, 
in  an  attempt  to  track  all  the  desired  carrier  phase  information,  additional 
additive  thermal  noise  enters  the  system  degrading  the  coherence  of  the  carrier 
phase  reference  and  ultimately  increasing  the  total  demodulation  loss.  Thus, 
a  trade-off  in  carrier  tracking  bandwidth  may  be  established  which  minimizes 
the  total  demodulation  loss  due  to  the  untracked  portion  of  carrier  phase  noise 
and  that  due  to  thermal  noise  corruption  of  the  carrier  phase  reference.  The 
preceding  results  are  derived  analytically  in  Section  3. 
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SECTION  3  -  EFFECTS  OF  ADDITIVE  GAUSSIAN  NOISE 
AND  PHASE  NOISE  UPON  COHERENT  PSK  DEMODULATION 


3. 1  ANALYTICAL  STUDIES  AND  TRADEOFF  ANALYSES 

Multiplicative  noise  on  the  received  signal  and  its  residual  effects  upon 
(partially)  Coherent  PSK  signal  demodulation  are  investigated  in  this  section.  The 
multiplicative  noise  or  phase  noise  originates  from  frequency  converters  imix- 
ers)  in  which  the  signal  is  multiplied  with  another  signal  containing  either  phase 
noise  or  additive  noise  which  causes  phase  noise  as  the  signals  are  multiplied. 
Another  source  is  AM  PM  conversion  that  is  produced  by  certain  system  com¬ 
ponents,  e.g.,  TWTs.  The  phase  noise  process  generally  includes  both  random 
and  deterministic  components  (spurious  signals). 

The  statistical  information  about  phase  noise  is  generally  limited  to  the 
second  order  statistics,  i.  e. ,  the  phase  noise  process  is  specified  by  its  power 
spectral  density.  By  using  6-function  formalism  one  can  also  include  the 
spurious  components  in  the  density  spectrum.  Based  on  physical  characteristics 
of  signal  oscillators  ^  the  power  spectral  density  S  6  0  (f)  of  the  phase 
noise  process  o(t)  is  of  the  form 

h,  h  h 
12  3 

S  (fy  h  •  —  -  —  -  — r  ;  continuous  spectrum 

6  b  0  t  j.2 


N  J2 


-  6(f  -  f^)  ;  discrete  spectrur 


k  1  2 

HereS.  (f)isdefined  as  the  one-sided  (f  >  0)  spectrum  that  would  be  obtained  if 
60 

the  oscillator  output  signal  was  coherently  demodulated  (translated  to  baseband i 
by  a  perfect  reference  signal.  The  first  four  terms  containing  values  of  {h^l 
specify  the  continuous  spectrum,  while  the  2}  are  the  powers  of  spurious 

signals  relative  to  the  total  signal  power  at  the  offset  frequencies  f^. 


However,  in  many  cases  the  output  signal  from  an  oscillator  Is  filtered  to  re¬ 
duce  the  phase  noise  power  thereby  modifying  the  spectral  representation. 

We  are  not  directly  interested  in  the  phase  noise  sources  but  rather 
the  resulting  phase  noise  (multiplicative  noise)  present  in  the  received  sig¬ 
nal  influencing  the  PSK  symbol  demodulation.  In  general,  the  phase  noise 
process  of  the  received  signal  will  have  a  power  spectral  density  with  spectral 
components  given  in  Equation  (3-1).  Therefore,  the  spectral  density  S^ff)  of  the 
phase  noise  process  o(t  i  at  the  receiver  input  lends  itself  to  the  determination  of 
the  influence  or  degradation  of  the  PSK  demodulation  performance  since  from  it 
the  phase  error  variance  at  the  point  of  the  symbol  decision  can  be  obtained. 

With  this  variance  at  hand  we  can  determine  the  equivalent  power  loss  caused  by 
the  phase  noise  in  accordance  with  1 2] ,  f  6) -f  8] . 

First,  assume  that  PSK  demodulation  is  performed  with  a  carrier  refer¬ 
ence  which  is  not  corrupted  by  thermal  noise  but  does  not  contain  information 

about  the  phase  noise  process  on  the  received  PSK  signal.  In  this  case  the 

a 

phase  noise  variance  a~  due  to  phase  noise  at  the  symbol  decision  point  is  given 

pn 

by 

OD 

°pn  /  S6cs(f),M(f)j2df  <3’2' 

where  Mif»  is  the  frequency  transfer  function  of  the  PSK  demodulator  (usuallv  a 
matched  filteri.  Equation  (3-2)  is  an  approximation  that  is  valid  when  the  am¬ 
plitude  of  the  phase  noise  process  o(t)  is  small.  A  few  simple  relationships 
show  how  Equation  (3-2)  is  derived.  For  an  arbitrary  phase  angle  6  we  have 

if©  •  ©(til  iB  i»(t) 

e'®  |1  -  ib(tt) 

provided  o(t)  <  <  1.  With  the  impulse  responses  m|t)  of  the  filter  M(f)  being 
normalized  so  that  /  m<t)  dt  1,  i.  e. ,  M<0>  1,  the  output  of  the  detection  filter 
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Jma  -T,ei|e  ''MT»dT 
iO 

-  e  1 1  •  i  j  m(t  -  T)  $(Ti  dr) 

-  exp{i|6  •  j  m(t  -  r*  <p(T)  dr) }  <3-4» 

since  Odi  <  <  1  also  implies  that  /  m/t  -  n  pin  dr  <  <  1.  This  shows  that  the 
di-modulation  filter  acts  as  a  linear  filter  on  the  phase  process  0(ti,  provided 
the  amplitude  of  0 < t )  is  small. 

A  common  receiver  implementation  uses  an  integrate  and  dump  circuit  as 
a  detection  filter.  The  integration  operation 

T 

!  s 

7"  /  C>dt  (3-5. 

s  0 


over  the  modulation  svmbol  period  T  corresponds  to  the  filter  characteristic 
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M(fi 


sin  rr  f  T 

c 

tr  f  T 


i  IT  f  T 
e  s 
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With  this  detection  filter  Equation  (3-2)  takes  the  form 
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pn 


f  s, 
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/sin  tt  f  T  \ 


df 


(3-7 1 


J  ' 

An  attempt  to  evaluate  this  integral  with  Sj  (f)  according  to  Equation  ^2- 1  >  will 


yield  an  unbounded  variance  o~  unless  h 

pn  1 


h  -  0.  Since  at  least  one  of 

O 


those  parameters  will  not  vanish  in  3  real  system  application,  a  system  using  a 
carrier  reference  which  does  not  contain  information  about  the  phase  noise  pro¬ 
cess  on  the  received  PSK  signal  is  impossible.  It  is  obvious,  however,  that 
noise  would  have  no  effect  if  the  carrier  reference  signal  tracked  the  phase 
noise  perfectly  to  remove  its  influence. 

A  phase-locked  loop  implementation  of  the  carrier  reference  signal  will 
track  slow  changes  in  the  received  carrier  phase  and  will  therefore  at  least 
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partially  track  the  phase  noise  process.  Increased  tracking  ability  is  obtained 
by  increasing  the  phase-locked  loop  bandwidth.  However,  this  will  make  the 
phase  estimate  more  noisy  due  to  less  filtering  of  the  additive  channel  noise. 
Therefore,  a  trade-off  between  phase  noise  tracking  and  filtering  of  additive 
channel  noise  is  required  to  determine  the  optimum  phase-locked  loop  bandwidth 
that  will  yield  minimum  performance  degradation  in  the  PSK  demodulation  pro¬ 
cess.  To  perform  this  trade-off  analysis  we  have  to  consider  the  particular 
frequency  characteristic  of  the  phase-locked  loop  as  well  as  its  resulting  noise 

bandw  itlth,  B  . 

o 

Now  given  the  closed-loop  phase-locked  loop  transfer  function  H(f),  the 

spectral  densities  at  various  points  of  the  phase-locked  loop  and  demodulator 

circuits  can  be  determined  (see  Figure  3-1).  The  spectrum  associated  with  the 

input  phase  noise  process  at  various  points  is  obtained  by  multiplyingS  (1;  oy 

op 

the  absolute  square  of  the  frequency  transfer  function  to  the  specific  point  of 
interest.  In  particular,  the  phase  noise  spectrum  at  the  input  to  the  symbol  de¬ 
modulator  filter  is  given  by 

S6©(f>i  1  -  H(f)  ;  2  <3-n 


The  additive  Gaussian  noise  will  also  cause  phase  noise  via  the  phase-locked 
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loop.  Its  spectrum  at  the  demodulator  filter  input  is 


\  Hifi  l2  (f  >  0) 

s  s 


(3— 9> 


where  E  R  equals  the  received  carrier  power.  Thus  at  the  mixer  output  before 
s  s 

the  demodulation  filter  we  have  the  total  phase  noise  density 

S6„(fl  ;  1  -  H(fli2  •  £-2-  (  H(fl  i2 
s  s 


This  implies  that  the  total  phase  noise  variance  Bt  the  output  of  the  demodulator 


partially  track  the  phase  noise  process.  Increased  tracking  ability  is  obtained 
by  increasing  the  phase-locked  loop  bandwidth.  However,  this  will  make  the 
pha  se  estimate  more  noisy  due  to  less  filtering  of  the  additive  channel  noise. 
Therefore,  a  trade-off  between  phase  noise  tracking  and  filtering  of  additive 
channel  noise  is  required  to  determine  the  optimum  phase-locked  loop  bandwidth 
that  will  yield  minimum  performance  degradation  in  the  PSK  demodulation  pro¬ 
cess,  To  perform  this  trade-off  analysis  we  have  to  consider  the  particular 
frequency  characteristic  of  the  phase-locked  loop  as  well  as  its  resulting  noise 

bandwidth,  B  . 

o 

Now  given  the  closed-loop  phase-locked  loop  transfer  function  H(f),  the 
spectral  densities  at  various  points  of  the  phase-locked  loop  and  demodulator 
circuits  can  be  determined  (see  Figure  3-1).  The  spectrum  associated  with  the 
input  phase  noise  process  at  various  points  is  obtained  by  multiplyingS  (i;  uy 
the  absolute  square  of  the  frequency  transfer  function  to  the  specific  point  of 
interest.  In  particular,  the  phase  noise  spectrum  at  the  input  to  the  symbol  d'  - 
modulator  filter  is  given  by 

s60<f>i  1  -  «(f)  ,  2  (3-S) 


The  additive  Gaussian  noise  will  also  cause  phase  noise  via  the  phase-locked 
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loop.  Its  spectrum  at  the  demodulator  filter  input  is 


N 

o 


E  R 

s  s 


|  H(f)  1"  (f  >  0) 


<3-9i 


where  E  R  equals  the  received  carrier  power.  Thus  at  the  mixer  output  before 
s  s 

the  demodulation  filter  we  have  the  total  phase  noise  density 

s  s 


This  implies  that  the  total  phase  noise  variance  at  the  output  of  the  demodulator 


arious  Points  of  a  (Partially)  Coherent  I’SK  Receiver 


filter,  an  integrate  and  dump  filter,  is  given  by 


2  2  2 

0  a  04, 

tot  pn  th 


(3- 10a/ 
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Figure  3-2  shows  the  general  characteristics  of  |  H(f)  |  and  (  1  -  H(fi  “and 

indicates  that  the  effect  of  Sg0(f)  is  reduced  for  low  frequencies  since  |l  -  H(f)|“ 

approaches  zero  for  decreasing  frequencies.  In  other  words,  the  phase-locked 

loop  partially  tracks  the  low  frequency  components  of  the  phase  noise  process. 

2 

The  more  the  low  frequency  region  is  suppressed  by  |  1  -  H (F>  j  ,  the  less  the 

2 

phase  noise  variance  o  resulting  from  the  phase  noise  process  ®(t).  On  the 

pn  2 

other  hand,  this  increase  will  make  the  variance  0  ,  larger  since  the  area  under 
o  2 

,  Hifi  w  ill  be  larger.  Therefore,  to  minimize  the  total  variance  o  ,  the 

tot 

closed-loop  filter  characteristic  H(f)  should  be  judiciously  chosen. 

_3 

In  general,  S^fflwill  contain  the  f  component  [i.e.,  h  >  0  in  Equation 

2  J  3 

(3- 3 1)  that  suggests  that  |  1  -  H(f)  |  should  approach  at  least  as  fast  as  f  .  This 
requires  a  second-  or  higher-order  phase-locked  loop  implementation.  Con¬ 
sidering  that  we  know  only  that  the  phase  noise  spectrum  S^ff)  is  dominated  bv  a 

spectrum  of  the  form  in  Equation  (3-1),  a  good  system  solution  is  given  by  a 

2 

filter  that  makes  j  3  -  H(f>  j  maximally  flat  at  f  =  0;  "Butterworth  filter.  " 


A  second-order  maximally  flat  PLL  filter  defines 


1 1  -  mn  i2 


(3- lit 
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which  is  consistent  with  the  characteristic 


H(f) 


f2  «  ij2  f  f 
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f  <f  •  2  r, 
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Here  ^  is  called  the  corner  frequency  of  the  loop  and  Equation  (3-12;  represents 

a  second-order  loop.  Higher-order  PLLs  may  also  be  considered,  i.e., 

I  I  2  2k  2k  ,2k 

1  -  H (f )  |  =i  i  (f  +  r  ).  Such  loops  are  sometimes  plagued  by  stability 
D  -3 

problems  and  since  a  second-order  loop  can  handle  f  phase  noise  it  represents 
a  good  system  choice.  Equations  (3-11)  and  (3-12)  are  plotted  in  Figure  (3-2 1. 

The  loop  bandwidth  B  is  directly  prop  'rtional  to  the  corner  frequency  f  . 

O'  n 

It  is  defined  as  the  equivalent  noise  bandwidth  of  H(f),  that  is, 

00 

B  /  |  H(f)  ; 2  df 

^  0 


r  1  •  2v"  .  f 

fn  l  ~ —  dV  (V  V 

0  1  •  v  n 
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f  *3.33 
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(3-14) 


Since  f  is  directly  proportional  to  the  loop  bandwidth  B  ,  the  transfer 
n  O 

function  H<f>  is  indirectly  specified  by  B  so  the  task  of  minimizing  the  total 

2  ^ 

phase  noise  variance  o  reduces  to  one  of  finding  the  optimum  loop  bandwidth 


B  . 
O 


Up  to  this  point,  no  consideration  has  been  given  to  the  fact  that  the  phase- 
locked  loop  must  be  implemented  to  operate  on  a  modulated  signal  (except  for 


i  a  i  <mr- 
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auxiliary  carrier  systems).  For  power  loops,  Equation  (3-10b)  is  unaffected  but 

Equation  (3-10ei  should  be  multiplied  by  T)*3,  the  degradation  factor  associated 
1 6 1  ^ 

with  power  loops.  Similarly,  in  the  decision  feedback  implementation  case, 

d  f  g 

Equation  t3-10ct  is  modified  by  the  multiplier  rj  for  decision-feedback  loop.  ’ 

in  any  ease,  optimization  of  loop  bandwidth  requires  minimization  of  the 
total  onase  noise  variance  at  the  decision  point.  Total  phase  noise  variance  at 
the  decision  point  may  be  written  as: 


3  N  r)  r  ,  „  ~\ 

L  hA  r  A  -  212  A 

J  0  J  >  EsRs  L"  4  n  2J 


(3-15) 


where: 


7  -ill L  /sinTrfTs\2 

0  fVn  \  fffTs  / 


and  i  0,1,  2,  3. 


Evaluation  of  integrals  A.  is  simplified  by  letting  a  -  n  and  \  f  f 


giving: 
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(3-17) 


Integrals  1^  (k  4-j)  hav  e  been  evaluated  in  Appendix  A  taking  into  account 
that  the  greatest  interest  is  for  small  a-values.  Results  are  tabulated  below, 
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See  also  Appendix  A. 
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l-'or  small  a  values  substitution  of  Ftjuations  (3-  1m  into  <3-]5i  gives  tin- 
total  phase  noise  variance  at  the  symbol  decision  point 
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we  mav  rewrite 
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The  optimum  bandwidth  B  that  minimizes  the  total  variance  o-  can  be 

o  0  tot 

found  from  this  expression.  Sotting  the  derivative  of  ct”. ot  with  respect  to  B 


equal  to  zero  the  optimum  value  of 
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B  ^  renre-ents  the  optimum  bandwidth,  where 
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Generally,  the  optimum  Bandwidth  solution  is  approximated  by 


B  - 
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<2- 2*1 


for  the  very  1  >w  symbol  rates  R  .  By  inc  reasing  symbol  rates  the  optimum 
solution  of  Equation  i3-21 1  is  elosely  approxi mated  by 


B 
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that  finally  will  approaeh 


(3-20) 


(3-30) 
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This  general  trend  implies  that  systems  operating  at  high  digital  rates  will  not  be 
plagued  hv  f  ?  phase  noise  because  it  is  effectively  tracked  out  bv  the  phase- 
locked  loop.  Having  determined  the  optimum  loop  bandwidth,  one  can  c  alculate 
the  resulting  total  phase  noise  variance  according  to  Kquation  (3-20). 

Before  applying  this  optimization  technique  to  available  phase  noise  data, 
it  is  of  great  value  to  present  the  method  by  which  the  optimum  choice  of  the 
loop  bandwidth  distributes  the  total  phase  noise  variance  between  that  due  to 
phase  noise  on  the  received  signal  and  the  thermallv  induced  loop  phase  noi>t  . 

For  this  purpose  we  consider  a  simplified  model  of  the  total  phase  noise  vai.ance 
given  by 


2  _  H 

o  — - -  -r  L  x 

,  s- 1  1 

(s-li  x 


(S  >  1) 


Rs  »  x! 


,3-31 , 


v\  here 


and 


~  hl 


R 

.  .3  -  -f 


4  Lx  (s  li 


1 3  -  3  2 1 


and  where  x  is  proportional  to  the  noise  bandwidth  of  the  loop  (see  Equation  ,3-gi 


In  other  words,  we  are  optimizing  the  bandwidth  of  a  phase-locked  loop  in  the 


-s 


presence  of  f  '  noise  (the 


H  R 

- 7  term  or  the  h,  (n  _ £  term)  and  additive 

,  s-1  1 

(S-ll  X  X 

■> 


noise  (the  I.x  term).  The  value  x  of  x  that  minimizes  0“  is  the  solution  of 


6o  H  .  , 

7  Z  ~  —  +  I-  0  is  ~>  1) 
O  X  s 
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or 


—  L  —  0  (s  1 1 
x 


(3-34i 


*s  -  tw 


(s  '•  1) 


(3-35, 


<1  r  hj/L  «»*]» 


<3-3<l. 


For  is  ~  li  the  optimum  solution  distributes  the  total  phase  variance  mt 
the  symbol  decision  point)  between  the  untracked  portion  of  carrier  phase  noise 
and  that  due  to  thermal  noise  in  the  proportion  d  si  to  (s-li  s  giving  the  mini¬ 


mum  total  variance 


°s -  (;fr)  <*  >  i) 


i3-3T i 


For  is's.li  the  optimum  solution  is  slightlv  more  complicated  due  to  the 
very  slow  roll  off  in  power  for  a  1  f  type  phase  noise  density.  The  minimum 
total  phase  noise  variance  is  obtained  using  Equation  (3-32i. 


°j  ~  hj  -  »  4  tn  —  -f  l 


*-5-»  l1 


and  using  liquation  i3-3f>i  gives 


U1  =  hl 


:^/r7  -H 


h  /'•  :>  it 


For  am  tvpieal  coherent  PSK  system  it  is  reasonable  to  assume  that  t he' 

ratio  of  modulation  symbol  rate  to  PI.F  bandwidth  iK  \  i  will  be  at  least  N  5 

s  1 

and  is  tvpiealh  ■  >  Id.  *  Assuming  It  v  5  or  equn alenth  ■  <H  \  >  '  1 .  •> 
_ _ _ _  s  1  s  1 

*  If  the  optimum  bandwidth  *  K  there  is  no  reason  to  design  a  ''coherent  PSK 
system  since  there  would  be  no  advantages  accrued  over  performance  obtainable 
from  a  diffe  rentially  coherent  PSK  system  whic  h  would  be'  much  simpler  to  im¬ 
plement  . 
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and  us in^  Kquntion  (3  — r?f> )  (hr  optimum  solution  distributes  the  total  phase  muse 
variance  between  the  unt racked  portion  of  carrier  phase  noise  and  that  due  to  ther¬ 
mal  noise  in  the  proportion  y  uul-yi  respectively  where  (.G5<>'<  1  (. 


In  the  preceding  analysis,  the  optimum  tradeoff  between  colored  phase 

noise  h  / f  „  and  thermal  noise  has  been  determined.  As  discussed  in 

r  i  1 ...  3 

Section  2  of  this  report,  the  tradeoff  between  allowable  white  oscillator  phase 
noise  and  additive  thermal  noise  is  perhaps  the  most  misunderstood  pro¬ 
cess.  It  is  hoped  that  the  following  simple  discussion  will  clarify  any  conceptual 
did  i cully . 

Equation  <3-20)  shows  when  the  oscillator  phase  noise  process  is  dominated 
by  white  phase  noise  (i.c.,  h()  »>  hj(  i  =  1,  2,  3)  the  total  phase  error  variance 
becomes : 


tot 


it  N  B 
,  s  .  o  o 

ho  2  +E  It  V 

s  i 


c 


(3-  -10. 


However,  the  first  term  on  the  left  is  an  approximation  of  the  filtered 
white  phase  noise  process  which  onlv  holds  when  the  PLL  corner  frequence  f 

n 

is  much  less  than  the  symbol  rate  R  .  When  this  condition  does  not  hold  Lima- 

s 

lum  i3— HO  should  be  given  as: 

/ R,  \  N  B 

o~  -  h  1—  -f  14 - rj  ,n--n 

tot  0  \  2  n /  •  t  It  'o  1 

s  s 

uhnv  it  i ^  assumed  that 

R  fl  >  f 
s  n 


and  that  (It  /2  -  f  )  is  the  3-d  B  bandwidth  of  the  composite  phase  noise  filter 
s  n 

consisting  of  the  PI. I,  filter  and  inteprnte-and-dump  filter. 

A  verv  interesting  result  is  obtained  by  a  simple  rearrangement. 

Noting  that  B  ~  3.33  f  (second  order  PLL,  '  —  .  7<>7 1 
<p  n 


From  liquation  i!i-42i  il  is  seen  that  bv  a  judicious  choice  ol  parameters 
it  is  possible  to  cause  the  braeheted  quantity  to  be  positive,  negative.  or  zero 
thus  indicating  that  by  inc  reasing  the  PL1.  bandwidth  B  with  a  fixed  symbol 
rate  K  ,  it  is  possible  to  cause  the  carrier  reference  total  phase  error  variance 

S 

to  increase,  decrease,  or  remain  the  same-,  respectively.  <  >(  course  this  only 

holds  when  f  ■»  R  which  is  a  usual  requirement  for  coherent  PSK  demodula- 
n  s 

t  ion. 

If  a  set  of  parameters  given  are  such  that  the  bracket  quantity  is  negative, 
and  the  optimum  PLL  bandwidth  thus  approaches  the  symbol  rate  moist*  averaged 
over  only  one  symbol  duration!  it  is  obvious  that  coherent  PSK  demodulation  holds 
no  advantage  over  differentially  detected  PSK  since  all  of  the  noise  of  the  pre¬ 
vious  bit  interval  will  appear  on  the  phase  reference.  Should  this  situation  occur 
it  would  be  w  ise  to  su  ite b  to  a  differentially  detected  PSK  modem  and  remove  the 
differential  decoders  normally  used  to  resolve  the*  phase  ambiguity  problem  in 
coherent  PSK  systems. 

The  preceding  results  arc*  summarized  in  Table  .1-1  which  gives  the  rela¬ 
tive  phase  noise  distribution  for  various  s-values  that  occur.  The  results  of  this 

-3 

optimization  also  indicate,  for  example*,  in  the  ease  of  dominating  f  phase 

noise,  the  loop  bandwidth  should  be  set  so  large  that  only  one-third  of  the*  total 

phase  noise  originates  from  the  carrier  phase  noise.  In  addition,  even  though 

only  one  phase  noise  eharaeteristie  was  considered  here  (f  phase  noise i, 

it  is  clear  that  from  a  bandwidth  optimization  point  otview  the  important 

consideration  is  the  eharaeteristie  of  the  phase  noisi  about  the  corner  frequency 

f  of  the  loop  (see  liquation  (3-10P.  From  a  purely  analytical  point  of  view,  it 
n 

can  be  argued  that  the  only  things  that  matter  to  achieve  the  MMSF  is  the  dif¬ 
ferentia!  gain  or  loss  of  the  total  phase  noise  variance  obtained  by  varying  the 
loop  bandwidth. 


ANALYTICAL  DIFt'ICl  LTILS  AND  THKIIt  KKSOLl  TION 


Tlu'  analytical  optimization  pruirilurcs  descr ibed  in  the  preceding  scciion 
assume  well  behaved  spectral  density  shapes  with  monotonieal ly  no:. -increasing 
density  xersus  frequenc  y  and, also  assume  integer  values  for  the  exponent  which 
dc  •scribes  the  slope  ol  the  phase  noise  curve .  It  becomes  a  ipareiit,  howiwcr. 
from  measured  performance'  data  that  various  filtering  techniques  used  in  real 
equipment  do  not  always  pnw  id  such  well  behaved  phase  noise  spectra.  Two 
techniques  are  available  to  supplant  the  preceding  analysis  when  neccs-an. 
c  me  technique  which  is  eurrentlv  available  is  a  graphical  solution  to  the 

initiations  of  the  preceding  section  leomputer  integration)  and  the  second  tech- 

1121 

nique  is  a  state  variable  solution  to  the  phase  noise  problem.  The  state 
variable  solution  also  provides  the  capability  for  studying  the  effects  of  tinn 
gated  operation,  required  for  TDMA  systems.  However,  computer  graphical 
procedures  are  perhaps  the  most  straightforward  and  can  be  accurate  for  1  DMA 
systems  over  a  specified  range  of  parameters  as  discussed  in  Paragraph  of 
this  report. 

In  any  event,  the  solutions  derived  in  the  preceding  section  provide  great 
insight  into  most  of  the  systematic  variations  experienced.  In  the  following 
sections,  any  one  of  the  preceding  analytical  tools  is  used  depending  upon 
which  is  judged  best  for  the  particular  application. 


SFCTION  -1  -  OPTIMUM  PH R Ft  )RM  ANC 1.  OF  BI>SK  A N I )  (jPSK 
SIGNALING  WITH  VlTJiRBi  (RATI.  1  J,  K  7i  UI.COlJIM,  IN  ill! 
PRi  SI  NCI  OF  OSCILLATOR  PHAS1.  N'QlSI.  FXPFCl!  Jj 
FOR  TKRMINALS  OF  TUI.  MSI  S 


;.l  OPTIMIM  PFRI'ORMANCi:  RKSFl.TS  WITH  i'l  RM1NA1.S  np.l  VINO  1111 

"Hi  -Ml"'  M<  )1  >1 FI  LI)  PI  IASI  NOISl  SIM  Gi  FICATK  i.N 

Sinn  tlu1  advent  of  prac  tical  coherent  PSK  mcnlulation  technique-  for  the 
BSCS  has  been  relatively  recent,  the  "original  '  phase  noise  specification-  for 
the  H  I  -M  l  earth  terminals  of  tlu-  l)SCS  were  derived  from  an  incidental  PM 
model  as  stated  below  in  a  paragraph  from  S('A-_’o-h.a, 

Incidental  FM.  Transmitted  carrier  and  receive  carriers  after  frequency 

translation  shall  be  spectrally  pure  so  that: 

A!  x  f  is  not  a  renter  than  11/  squared  for  values  of  f  lx:  tween  1.  "  11/ 
m  m 

and  -to  11,’..  For  v  alues  of  f  aliove  II/,  Af  shall  not  exceed  ",  \  p.  to 

ni 

the  value  of  f  where  the  single- sided  phase  noise  density  to  signal  ratio 
m 

equals  -1  or,  dB.  The  -lu5  dll  single-sided  phase  noise  density  to  signal 

ratio  shall  not  be  exceeded  from  1"  kll.  to  OJ.o  Mil/  on  either  side  of 

carrier  Af  peal;  deviation  of  the  carrier  f  dev  iation  rate. 

m 

Tsing  this  model  the  HT-MT  single  sideband  phase  noise  £,f.  was  derived  1 

-4 

and  is  shown  in  Figure  4-1.  It  is  known,  however,  that  the  f  phase  noi-c  indi¬ 
cated  in  c  lose  to  the  carrier  is  unrealistic  given  currently  available  oscillators 
and  that  this  type  of  spectral  shape  is  due  to  the  assumed  validity  of  the  incident. i 
I'M  model.  Frequency  s\  nthesi/ers  are  known  to  provide  an  f  1  densitv  close 
to  the  carrier  and  arc  ultimately  limited  by  the  effects  of  either  crystal  or  atomic 
standards  which  exhibit  f  *  phase  noise  characteristic  s  extreme dv  dose  p.  tin 
earner.  Thus,  the  H  I  -M  1  specification  has  been  modified  for  the  purpose  s  ot 
tin-  memorandum  as  shown  by  the  broken  line  curve  of  Figure  1-1  lalvllcd  1|  [  - 
M  l  -  min  hi  1  at  ion. 
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Based  on  this  modified  specification,  the  total  phase  noise  variance  given 
By  liquation  ( B -2 < ) )  has  been  determined  using  the  optimum  bandwidth  solution  of 
liquation  (3— lil i.  The  variance  has  been  c  alculated  using  both  dec  ision-feedback 
and  power  loop  implementations  for  two  and  three  times  the  terminal  phase- 
noise  according  to  the  specification,  since  two  terminals  and  one  sate  llite  are 
always  invoiced.  This  calculation  is  used  because  reliable  phase  noise  data 
a  lout  the  satellite  is  not  available.  (Some  very  sketchy  and  incomplete  infor¬ 
mation  pertaining  to  the  satellite  phase  noise  is  available,  but  by  neglecting  the 
satellite  influence  and  equating  the  satellite  as  one-  terminal,  the  influenc  e  of 
the  satellite  can  be  assessed,  i  Figures  -1 through  1-5  illustrate  results  for 
two  and  three  terminals,  power  PLLs,  decision-feedback  loops,  and  also  for 
both  BPSK  (M  =  2  i  and  QPSK  (M  -  4i  operations.  Demodulation  losses  have  been 

plotted  as  a  function  information  bit  rate  R.,  for  "-level  soft  decision  1 3 -bit  > , 

ib 

rate  1  constraint  length  7,  Viterbi  decodint:  followed  by  differential  decoding 
with  a  resultant  BFR  lo  ° . 

A  loss  cutoff  of  o.  _  dB  has  been  drawn  in  the  figures  to  indicate  allow  able 
regions  of  operation  for  the  various  configurations.  The  upward  trend  in  tlx 
loss  curves  with  high  data  rates  are  caused  by  the  white  phase  noise  floor  shown 
in  Figure  4-1 . 

Figures  4--'  through  4-5  show  that  when  carrier  recovery  is  pros  idea  1  >\ 
decision  feedback  loops  a  reduction  in  demodulation  losses  is  obtained  as  com¬ 
pared  with  results  for  power  loop  implementations.  However,  significant 
improvement  is  only  obtained  with  t^PSK  with  negligible  improvement  noted  with 
BPS  Is. 

Table  S-l  contains  a  summary  of  permissible  id.J  dB  maximum  loss 
rati  s  for  two  terminals  and  one  equivalent  satellite  all  conforming  to  the  11  1  - 
M  l  modulation  phase  noise  specifications  (Figure  4-1  i. 


LOSS  (tot) 


Tables  D-l  through  D-s  provide  back-up  data  for  the  results  shown  in 

Figures  -1-1  through  1-5.  However,  the  tabulated  results  are  expressed  as  a 

function  of  modulation  bit  rate  R  ,  as  compared  to  information  bit  rate  R  , 

mb  ib 

shown  in  the  figures  where  the  two  parameters  are  related  as: 

R.,  =  R  .  2 
ib  mb 

In  the  tables  the  optimum  bandwidth,  total  phase  noise  variance  and  its 
two  components  (thermally  induced  loop  phase  noise  and  the  untracked 
portion  of  the  composite  oscillator  phase  noise  spectrum  CT”pn'  art‘  g'vcri  as 
a  function  of  the  modulation  bit  rate. 

Also  tabulated  are  the  demodulation  losses  that  would  be  experienced 

when  using  ’'-level  soft  decision  (3-bitb  rate  1  '2,  constraint  length  K  -  7, 

Viterbi  decoding  followed  by  differential  decoding  based  upon  two  different 

approximations  to  the  probability  distribution  of  phase  tracking  error  experi- 

r8] 

enccd  in  a  PLL.  *  Results  based  on  a  Gaussian  approximation  are  easily 

calculated  hut  are  only  valid  for  small  losses  as  shown  in  the  tables  while  the 

~2~ 

results  using  a  Tikhonov  approximation  ’  -  are  valid  when  the  losses  are  less 
than  f>  dB. 

4.2  OPTIMUM  PERFORMANCE  WITH  REALISTIC  TERMINAL  PHASE  NOISE 

4.2.1  Phase  Noise  Synthesized  Csing  Comtech  Lab.,  Inc.  L-Band  Oscillator, 
Fluke  Frequency  Synthesizer  and  Selected  Atomic  and  Crystal  Standards 

Figure  4 -(>  shows  the  general  structure  for  deriving  a  Tsoo-MH/  signal 
from  a  5-MH/.  standard  and  Figure  4-7  shows  their  corresponding  single  side¬ 
band  phase  noise  densities  at  7M»o  MU/.  *  * 


■See  Appendix  A. 

'It  should  be  noted  that  for  straight  frequency  multiplication,  10  log  M~  (dBi 
where  M  new  frequency/ old  frequency  is  added  to  original  specifications 
when  required. 


mi)  "(  rvst.il  11”  ;it  7x00  Mil/ 


The  Hewlett  Packard  HP  5001  A^"^  and  the  Oscilloquartz  SA  B54(k/1j^ 
have  been  chosen  as  representative  of  state  of  the  art  portable  cesium  beam 
standards  and  high  quality  crystal  references,  respectively. 

As  noted  by  Hewlett  Packard,  GO  second  time  constant  operation"  (see 
Figure  4-5)  requires  a  carefully  controlled  environment.  Therefore,  for  field 
operations  the  1  second  time  constant  operation  seems  practical.  Since  it  is 
expected  that  the  optional  (004)  beam  tube  may  be  used  in  the  Phase  II  IJSCS, 
results  obtained  here  will  pertain  only  to  the  optional  004  beam  tube  with  a  1 
second  time  constant. 


At  this  point  in  time  it  is  not  known  whether  the  Oscilloquartz  B54oo 
crystal  could  meet  its  specified  performance  (Figure  4-7)  under  field  conditions 
however,  for  the  purpose  of  illustration  it  will  be  assumed  that  these  conditions 
can  be  satisfied  with  adequate  margin. 


A  Fluke  6100  A/AO  frequency  synthesizer  has  been  chosen  as  representa¬ 
tive  of  high  quality  synthesizers  and  provides  the  required  flexibility  with  res¬ 
pect  to  frequency  assignment.  It  is  assumed  that  the  standard  drives  the  synthc 
sizer  and  only  wideband  phase  locking  (£100  kHz)  is  involved  within  the  synthe¬ 
sizer.  In  accord  with  discussions  between  CSC  and  a  Fluke  representative,  and 
as  verified  by  Comtech,  a  three-pole  filter  with  3-dB  corner  frequency  at  JOo 
Hz  exists  within  the  synthesizer. 


Single  sideband  phase  noise  data  for  the  Fluke  synthesizer  has  not  been 
shown  directly  in  Figure  4-7.  However,  it  is  incorporated  in  the  measured 
data^  ^  provided  by  measurements  of  a  Comtech  Lab.  L-band  oscillator  driven 
by  a  Fluke  0 1 0 0 A,  AO  synthesizer  and  the  measured  data  is  shown  by  the  dotted 
curve  of  Figure  4-7  designated  here  as  Comtech  (Wideband  ModeiJ*'  ^  Using 
[  1 0 1  and  Fluke  data,  the  dotted  curve  below  frequencies  -100  kHz  is  dominated 
by  synthesizer  noise  and  above  100  kHz  is  dominated  by  L-band  oscillator  noise. 

•This  time  constant  refers  to  the  bandwidth  at  which  the  internal  5 -MHz  crystal 
is  locked  to  the  cesium  beam  tube. 
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Measured  data  provided  by  t'omtech  Inc.  is  valid  in  the  region  10  Hz  - 

10  MH/  and  since  phase  noise  data  is  required  beyond  10  MHz  it  has  been 

2 

assumed  that  as  a  worst  ease  a  phase  noise  floor  exists  at  - 1 dB  rad-  Hz. 

In  summary,  two  synthesized  phase  noise  curves  (labelled  "cesium  II" 
anil  "crystal  II"  in  Figure  -4-7}  will  be  evaluated  for  generation  ol  7*00  MHz 
frequency  up  conversion  or  down  conversion  chains.  The  "cesium  II"  curve 
corresponds  to  a  frequence  'onversion  chain  driven  by  the  HP  5'*(il  A  with 
optional  ioo4i  cesium  beam  and  with  1  second  time  constant.  The  resultant 
sinule  sideband  phase  noise  is  shown  in  Figure  -3-7  and  consists  of  three  sec¬ 
tions  with  frequencies  below  300  Hz  dominated  by  the  atomic  standard  fre  ¬ 
quencies  from  3 < Ki  Hz-10  MHz  dominated  by  the  synthesizer  L-band  oscillator 
combination  and  above  10  MHz  given  by  the  assumed  phase  noise  floor. 

The  second  phase  noise  curve  (designated  "crystal  II"  in  Figure  4-7 1 
corresponds  to  frequency  conversion  driven  by  the  Oscilloquartz  SA  B54oo 
crystal  as  shown  in  Figure  4-0.  The  resultant  single  sideband  "crystal  II" 
phase  noise  curve  consists  of  four  sections  with  frequencies  below  2  Hz  domi¬ 
nated  by  the  crystal  standard,  frequencies  between  2  Hz-300  Hz  being  a  com¬ 
posite  of  noise  from  Fluke  01G0A.  AO  synthesizer  and  crystal  standard  and 
frequencies  above  300  Hz  are  as  described  for  the  "cesium  II"  curve.  " 

4.2.2  BPSK  and  (jPSK  System  Performance  Optimization  With  Synthesized 
Phase  Noise  Data 

To  our  knowledge  as  of  March  1074,  single  sideband  phase  noise  curves 
"cesium  II"  and  crystal  II"  generated  in  Paragraph  4. 2.  1  represent  the  most 
current  estimates  of  terminal  phase  noise  at  7*00  MHz  which  is  expected  tor 
the  !>est  terminals  currently  under  consideration  for  operation  in  the  Phase  II 
DSCS.  Therefore  an  extensive  set  of  data  (Figures  4-S  through  4-11  and  Tables 


*  A  roman  numeral  II  has  been  used  here  to  differentiate  this  most  recent  data 
from  that  which  appeared  in  a  prior  memorandum. 
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*»MAl  l  LOSS  APPROX  I  I  ARM  IOV, 
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Variance, 


Demodulation  Loss  (dB),  Llot,  and  Total  Phase 
versus  Information  Bit  Rate,  R.^  (bps)  at  Optimum  BW 


LA 
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D-9  through  D-17  has  been  generated  to  indicate  possible  demodulation  perform¬ 
ance  for  the  Phase  11  DSCS. 

Figures  4-8  through  4-11  illustrate  demodulation  losses  as  a  function  of 

information  bit  rate  R.,  at  the  optimum  bandwidth  for  two  and  three  times  the 

lb 

indicated  phase  noise  ("cesium  II"  or  "crystal  II”i,  respectively. 

As  before  it  should  be  emphasized  that  the  tabulated  losses  are  a  function 

of  modulation  bit  rate  R  ,  while  in  the  figures  the  losses  are  plotted  as  a  func- 

mb 

tion  of  information  bit  rate  R  where  R  =  R  ,  due  to  the  rate  1  coding 

lb  lb  mb,  it 

procedure. 

Results  using  "crystal  II"  phase  noise  arc  presented  only  for  the  case  of 
phase  noise  contributed  by  two  terminals  and  one  equivalent  satellite  since 
these  results  indicate  that  adequate  performance  (<0.2  dB  loss)  is  achieved 
with  all  configurations  (see  Figure  4-10  and  4-11)  over  the  required  range  of 
data  rates. 

It  should  be  noted  that  results  in  Figures  4-8  through  4-11  do  not  indicate 

a  maximum  information  rate  limitation  within  the  indicated  range  as  experienced 

for  results  obtained  in  Paragraph  4. 1  (see  Figures  4-4  and  4-5 1.  This  result  is 

o 

due  to  the  reduced  phase  noise  floor  of  -153  dB  rad-,  Hz  (Figure  4-7)  for  "cesium 

II"  and  "crystal  II"  phase  noise  as  compared  to  a  phase  noise  floor  of  -105  dB 
•> 

rad-,  Hz  (Figure  4-1)  assumed  for  the  HT-MT  modulation  phase  noise.  Of 

2 

course,  if  the  -153  dB  rad-  Hz  floor  persisted  to  higher  frequencies  and  if  sig¬ 
naling  were  required  at  higher  data  rates  the  same  upward  loss  trend  at  high 
rates  would  be  repeated. 

Minimum  and  maximum  data  rates  possible  for  the  three  terminal  phase 
noise  contribution  either  "cesium  II"  or  "crystal  II"  have  been  summarized  in 
Table  S-l. 

Finally ,  since  the  data  in  Figures  4-8  through  4-11  and  Table  S-l  repre¬ 
sent  demodulation  losses  for  phase  noise  contributed  by  two  terminals  (no 


satellite  contribution)  and  two  terminals  plus  one  equivalent  satellite,  the  data 
provides  upper  and  lower  bounds  on  expected  losses.  However,  it  is  desirable  / 
to  measure  actual  satellite  phase  noise  to  provide  a  more  exact  picture  of 
expected  demodulation  performance  losses  in  the  Phase  11  DSC'S. 


,J 

i 

i 
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SECTION  5  -  DEMODULATION  PERFORMANCE  OF  CURRENT 
MODI' L.ATION  SYSTEMS  OPERATING  IN  THE  PRESENCE  OF  PHASE 
NOISE  IN  THE  PHASE  n  DSCS 


i 

i 


i 


a.  1  RADIATION  INC.  BPSK  (MD-921  G) 

Radiation  Inc.  has  recently  designed  a  BPSK  modem  which  is  expected  to 
be  operated  with  the  following  earth  terminals  of  the  Phase  n  DSCS. 

1.  MSC-46  "I'pgrade" 

2.  11T-MT  "Follow-on" 

3.  TSC-54. 

Since  each  of  the  above  earth  terminals  are  expected  to  be  operated  with 
Comtech  Lab.  up-  and  down-converters  or  terminals  meeting  the  HT-.MT 
phase  noise  specifications,  phase  noise  associated  with  each  terminal  may  be 
adequately  described  bv  the  curves  labeled  modified  HT-MT  of  Figure  4-1  and 
"cesium  11"  or  "crystal  11"  of  Figure  4-7. 

The  Radiation  BPSK  modem  has  been  designed  with  a  power  type  carrier 

recoverv  PLL  with  a  fixed  bandwidth  B  =  175  Hz  and  damping  factor  C  =  1.0. 

o 

Figures  5-1  through  5-3  have  been  generated  to  indicate  expected  performance 
of  this  modem  operating  in  conjunction  with  soft*  Viterbi  decoding  in  the  presence 
of  the  modified  HT-MT  Type  "cesium  II"  and  "crystal  II"  oscillator  phase  noise 
densities.  Tables  D-18  through  D-23  contain  the  numerical  support  for  these 
figures. 

As  in  the  preceding  sections,  data  rates  listed  in  the  tables  are  expressed 

as  modulation  bit  rate  R  ,  while  the  data  rates  shown  in  the  figures  are  mfor- 

mb 

mation  bit  rate  where  R  ,  =  R  ,  2  (see  Figure  2-11. 

ib  mb 


See  note  1  of  Annex. 


-8  h 


-  12 


-16 


-18 


-20 


-2? 


-24 


-26 


-28 


-30 


-32 


-34 


O 

a 

< 


0 

75 


2 

300 


4 

l  2* 


6 

4  BK 


6 

19  7K 


10 

76  8* 


12 

307k 


14 

1  2M 


16 

4  9M 


16 


2C 

784* 


INFORMATION 
RAT£  (bp») 


Figure  5-1.  Radiation  Ine.  MD-921G  RPSK  Demodulation  Loss  (dBi.  L 
and  Total  Phase  Variance,  <j2  versus  Information  Bit  Rate,  R..  (bps).  I 
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Figure  5-3.  Radiation  Inc.  MD-921G  BPSK  Demodulation  Loss  (dB),  Ltot,  and 
Total  Phase  Variance.  <p"  versus  Information  Bit  Rate.  R..  (bps),  B?  =  175  Hz 


It  may  be  noted  in  Figures  5-1  through  5-3  that  a  0.  707  PLL  damping 
factor  has  been  used  to  generate  expected  system  performance  data  even  though 
it  has  been  stated  that  the  Radiation  modem  has  a  PLL  damping  factor  of  1.0. 

This  change  was  effected  here  solely  to  reduce  the  costs  associated  with  com¬ 
puter  integration  of  Equation  3-10b.  As  stated  in  |11),  a  considerable  increase 
in  computation  cost  is  required  for  PLL  damping  factors  besides  o.  707.  A 
comparison  of  curves  of  Figures  5-2  and  5-4  (see  also  Tables  D-22  and  D-24/ 
indicate  that  only  a  small  improvement  in  demodulation  performance  is  obtained 
with  a  PLL  damping  factor  of  0.707  as  compared  to  a  PLL  with  damping  factor 
of  1.  0.  Although  differences  in  performance  are  small  for  loops  with  these 
two  damping  factors  at  the  specified  bandwidth,  results  are  in  accord  with 
expected  performance  from  a  mean  squared  error  criterion,  that  is,  that  optimum 
performance  is  obtained  with  a  damping  factor  of  0.  707. 

Perusal  of  Figures  5-1  through  5-3  indicate  that  adequate  demodulation 
performance  (less  than  0.2  dB  loss)  is  achieved  only  when  data  rates  are  above 
3G00  bps. 
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5.2  MAGNA  VOX  RESEARCH  LAB.,  INC.  (MRL)  USC-28  BPSK  SPREAD 

SPECTRUM  SYSTEM 

5.2.1  General 

MRL's  USC-28  is  a  BPSK  spread  spectrum  system  which  consists  of  the 
following  basic  subsystems;  Link  Order  Wire  ( I  / )  W  t ,  Channel  Data  Receive 
Transmit  (R  T),  and  a  Critical  Control  Circuit  (CCC). 

Preceding  analyses  in  this  paper  have  neglected  demodulation  losses  due 
to  phenomenon  other  than  imperfect  carrier  phase  estimation.  That  is,  losses 
such  as  those  due  to  imperfect  PSK  symbol  timing  have  been  neglected.  There¬ 
fore,  as  a  continuation  of  this  simplified  analysis  for  the  USC-28,  losses  due 
to  improper  PN  code  tracking  will  also  be  neglected  and  only  those  losses  due 
to  imperfect  carrier  phase  estimation  will  be  calculated. 

Neglecting  PN  modulation,  Figure  5-3  shows  a  simplified  version  of  the 
time  and  power  shared  configuration  of  the  LOW  and  R/T  channels  assumed  in 
the  analysis  of  the  following  sections.  The  CCC  is  a  separate  control  circuit 
(not  shown  in  Figure  5-5). 

A  complete  analysis  of  the  USC-28  from  a  phase  noise  point  of  view  is 
provided  in  (1).  Our  main  purpose  here  wi 1 1  be  to  provide  a  simplified  system 
analysis  which  will  provide  the  basis  for  a  USC-28  phase  noise  specification  as 
discussed  in  the  summary  section  and  Section  6.  We  shall  also  briefly  indicate 
expected  system  performance  of  the  USC-28  operated  with  the  HT-MT  (AN  MSC-GO) 
terminal  and  the  MSC-46  upgrade  terminal  as  compared  to  the  results  described 
in  Ul  for  an  improved  version  of  the  AN  ASC-1S  terminal. 

5.2.2  Phase  Noise  Fffects  in  the  USC-28 


In  Figure  5-5  it  is  shown  that  the  LOW  channel  and  R-T  channel  operate 
on  a  power  shared  basis  and  that  carrier  phase  estimates  are  derived  from  the 
LOW  and  used  for  demodulation  of  data  on  the  R-T  channel.  As  indicated  in  the 
figure,  two  models  of  the  USC-28  which  are  currently  under  discussion  3re  the 
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Figure  5-5.  Worst  Case  LOW  and  R  T  Configuration 


Advanced  Development  Model  (ADM)  and  the  Engineering  Development  Model 
(FDM).  For  the  purpose  of  our  discussion,  the  difference  between  these  two 
models  is  that  the  EDM  LOW  has  Hamming  (1G,  11)  coding  for  forward  error 
control  FEC  and  operates  at  a  fixed  BPSK  symbol  rate  of  150  S7S  while  the 
ADM  does  not  have  FEC  and  operates  at  a  fixed  rate  of  75  S/S  (or  equivalently 
75  bps). 

The  R  T  channel  on  both  ADM  and  EDM  is  convolutional ly  encoded*  and 
has  variable  data  rates,  the  lowest  being  75  bps  (or  equivalent  150  S/Si. 

The  TDMA  duty  factor  switch  is  adjusted  to  provide  the  best  power  tradeoff 
between  LOW  and  R/T  as  a  function  of  R  T  data  rate.  As  in  preceding  analyses, 
to  determine  demodulation  performance,  we  must  calculate  carrier  phase 

9 

reference  quality  defined  as  the  total  phase  error  variance  or-  .  As  before,  the 

9  '  2  t0t 

quantity  a~  is  the  sum  of  a  phase  error  variance  cr  due  to  thermal  noise  and 
tot  0  r  th 

a  phase  error  variance  cr*^  due  to  the  untracked  portion  of  the  phase  noise 
process  on  the  received  signal.  Since  carrier  phase  estimates  are  obtained 
from  the  LOW,  the  thermally  induced  phase  error  variance  is  easily  calculated 
given  the  LOW  energy  per  modulation  symbol 'noise  density  (E  /N^l  ,  LOW 
modulation  symbol  rate  (R  )  ,  LOW  carrier  tracking  bandwidth  B„,  and  the 

appropriate  modulation  removal  loss  factor  Calculation  of  the  phase  er-or 

9 

variance  cr"  is,  however,  not  as  obvious  here  as  in  prior  analyses.  For  the 
pn 

purpose  of  demodulation  on  the  R  'T  data  channel,  the  phase  error  variance 

2 

(cr*"  I.  is  due  to  phase  noise  in  the  frequence  band  if  to  R  i  .  t  when  f  is 
pn  I)  In  ms  D  2  (  n 

the  LOW  PLL  corner  frequenev  and  (R  >  ,  is  one  half  the  R  'T  PSK  symbol 

ms  D  2 

rate.  As  discussed  in  Section  3,  the  upper  frequency  limitation  is  the  result  of 

using  integrate  and  dump  filtering  which  effectively  suppresses  high  frequenev 

phase  reference  estimation  errors.  On  the  other  hand,  the  phase  error  variance 
2 

(cr  )  due  to  phase  noise  on  the  LOW  is  the  result  of  phase  noise  in  the  frequenc 
pn  I. 

band  if  to  (R  ),  ,  t.  Therefore,  if  (R  )  =  (R  )  as  in  the  lowest  FDM 

1  n  m  s  L  2  <  m  s  L  m  s  D 


*  See  Note  1  of  the  Annex. 
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2  2 

R  T  data  rate  then  (a  ),  =  (a  )  .  However,  at  higher  R/T  data  rates 
pn  L  pn  D  2 

(R  U  >  (R  1,  which  gives  (cr2  )  ?  (cr  ),  so  that  the  total  phase  error 

ms  D  ms  L  pn  D  pn  L 

variances  for  R/T  data  and  LOW  are  such  that  ( a ^  )„  >  (cr  )  . 

tot  D  tot  L 

Thus,  if  one  were  to  judge  demodulation  performance  in  the  R'T  channel, 

based  solely  upon  carrier  tracking  performance  on  the  LOW,  severe  errors 

could  occur  because  of  the  failure  to  account  for  the  additional  phase  noise  in 

the  frequency  band  /(R  ,nL  to  (R  I  l. 

(  ms.  2  L  ms/2  Dj 

5.2.3  Performance  of  the  USC-26  Operating  with  Terminals  of  the  Phase  II  DSCS 

A  complete  analysis  of  the  USC-28  operating  with  an  airborne  AN/ASC-18 
terminal  is  given  in  (1).  The  reference  gives  a  complete  description  of 
demodulation  performance  assuming  that  phase  noise  improvements  are 
made  to  the  AN/ASC-18  terminal.  It  was  shown  that  the  most  critical  perfor¬ 
mance  requirements  on  carrier  phase  estimation  performance  (and,  therefore 
R  T  demodulation  performance)  occurred  at  the  lowest  R/T  data  rates,  where 
the  phase  noise  of  the  improved  AN  /ASC-18  terminal  is  similar  to  that  of  the 
cesium  II  curve  of  Figure  4-7.  Since  the  cesium  II  phase  noise  is  expected  for 
HT-MT  (AN/MSC-60)  and  upgraded  MSC-46  terminals,  performance  at  low  data 
rates  with  these  terminals  will  be  similar  to  that  shown  in  [1]  for  the  AN/ASC-18 
terminal.  At  high  data  rates,  the  cesium  II  phase  noise  performance  is  better 
than  that  of  the  improved  AN,  ASC-13;  therefore,  at  high  data  rates  performance 
of  the  USC-28  with  the  HT-MT  and  upgraded  MSC-46  will  be  better  than  that 
shown  in  [1] . 
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5-3  RAYTHEON  INC.  TDM  A  (EDM) 

(17) 

5  3  1  General 

The  Raytheon  EDM  TDMA  currently  being  procured  by  L’SASATCOM A  is 
a  burst  coherent  form  of  TDMA  with  a  preamble  preceding  each  data  burst 
transmission  which  contains  the  residual  carrier  and  bit  timing  references 
to  maintain  gated  carrier  and  bit  timing  tracking  loops  in  appropriate  synchro¬ 
nization,  within  a  certain  minimum  mean  square  phase  error  criterion.  The 
frame  structure  and  the  basic  carrier  tracking  demodulation  and  decoding 
techniques  are  depicted  in  Figure  5-6.  Figure  5- 6(a)  shows  the  TDMA  frame 
composed  of  n  bursts  originating  from  a  network  of  n  earth  terminals  each 
transmitting  a  burst  of  data.  Each  burst  includes  guard  time,  preamble  time, 
and  subbursts  representing  individual  basebands  and  subburst  tail-off  time. 

The  subburst  tail-off  time  results  from  the  desire  to  share  a  single  error 
encoder  and  error  decoder  with  time  sequential  subbursts  of  data.  The  single 
encoder  must  be  "flushed"  and  returned  to  a  reference  condition  before 
encoding  the  next  subburst  of  data  bits.  This  results  in  time  in  the  burst  that 
is  unusable  for  sending  data.  The  preamble  is  composed  of  a  subburst  of 
unmodulated  carrier  for  carrier  reference  recovery  and  a  subburst  of  modulated 
(alternate  "ones"  and  "zeros")  carrier  for  bit  timing  reference  recovery.  The 
functional  demodulator  detail  necessary  for  understanding  the  problem  is 
shown  in  Figure  o-6(b).  TDMA  frame,  burst  and  subburst  timing  are  derived 
(by  other  circuits  not  shown  in  Figure  5- 6(b ) )  and  made  to  gate  tracking  loops 
at  the  appropriau  ics  to  [X'rmil  "sampled  data"  burst  coherent  recover  o! 
both  carrier  and  bit  timing  references  to  enable  efficient  coherent  demodulation 
of  data  subbursts.  The  recovered  carrier  reference  multiplies  the  modulated 
li  ra  r  at  the  appropriate  times  to  demodulate  the  desired  subbursts.  This 
•  r  v.nr.  is  followed  by  matched  filtering  (integrate  and  dump)  the  noisv  data 
■  a  tr.alog  to  digital  conversion  (for  soft  decision).  The  soft  decision 
red  Irom  burst  rate  down  to  an  aggregate  rate  and  decoded  by  a 
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Figure  5-6.  TDNLA  Frame  and  Demodulator  Details 


n 


5.  3.  2  Impact  of  Phase  Noise  Upon  TDMA  System  Performance 


One  of  the  most  useful  measures  of  system  performance  for  a  TDMA  system 
is  TDMA  frame  efficiency  p  given  by  the  following  equation: 

T 


V  -  l  -- 


OH 


<5-1 1 


1' 


when'  T  |  =  total  frame  overhead 


T  -  total  frame  duration 


Howcur  YI>MA  frame  overhead  is  a  function  of  many  parameters  as  shown 
bv  the  following  equation; 

n  n 

'oil  n  Tg  1  TPA(i'-  j  1TO(l)  (0"“’ 

where  T  =  guard  time  between  bursts 

K 

t  h 

T  (i)  -  preamble  time  for  i  burst 
T^^fi)  =  subburst  tail -off  time  for  ith  burst. 

It  may  easily  be  seen  that  network  si/c  n  and  connectivity  will  have  a 
profound  influence  on  frame  efficiency.  In  addition,  for  networks  with  various 
size  terminals  required  preambles  1  (it  can  be  considerably  different  dependin 
upon  terminal  G  T.  Since  the  number  of  parameters  which  can  be  varied  for 
this  type  of  svstem  is  quite  large  and  sitne  our  main  interest  in  this  paper  is  to 
indicate  expected  demodulation  performance  of  a  TDMA  system  operating  in 
the  presence  of  oscillator  phase  noise,  the  scope  of  the  problem  will  be 
restricted  by  t he-  following  assumptions: 

1.  A  maximum  of  2-3  percent  loss  in  frame  efficiency  is  allocated  to 
that  part  of  preamble  time  reserved  lor  residual  carrier  tracking 


TT 


f- 


h 


k 


The  preceding  frame  effieicney  loss  is  to  be  allocated  equally  betuecn 
20-30  earth  terminals. 


3. 


Demodulation  losses  will  be  based  solely  upon  a  0.  2-dB  loss  due  to 
imperfect  carrier  phase  tracking.  All  other  demodulation  losses 
including  those  due  to  symbol  timing  error  are  neglected  as  in  Hu. 
analysis  of  preceding  sections. 

t.  Demodulation  losses  are  based  upon  the  assumption  of  soft  decision 
(3  bit)  rate  1  2.  constraint  length  7.  Viterbi  decoding  followed  >,s 
differential  decoding.  From  the  analysis  of  preceding  section- 
References  2  and  8,  it  is  easily  seen  that  earner  phase  reference 
error  variances  of  approximately  -13  dB  and  -  -26  dB  are  required 
for  coded  operation  with  BPSK  and  QPSK.  respectively. 

(F.  R.  )  =  1200  frames  per  second 


O. 


Assumptions  1  and  2  translate  to  a  required  duty  factor  of  0.  001  for 
residual  carrier  tracking  preamble  time. 

„  has  been  shotvn  ^  that  a  Bated  PLL  *.11  behave  similar  to  a  continuously 
, routine  PLL  if  the  effective  loop  time  constant  is  much  larger  than  the  TDMA 
frame  duration  and  if  the  gain  in  the  gated  PLL  is  increased  by  the  duty  factor 


f1.  Mathematically  this  may  be  stated  as: 


(1  -  d) 
V.  U. 


u  , 


<v  1 


(5  -  3 ) 


when 


T 


CPA 


T, 


-  carrier  preamble  dutv  factor 
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"  I 

'  i 

I 

! 


T  -  carrier  preamble  time  duration 
CPA 

and  (<*,>  ,!)  are  the  equivalent  continuous  PLL  (natural  radian  frequency 
damping  factor). 

Therefore,  Equation  3-10  (a,b)  may  be  used  to  calculate  PLL  earner 

tracking  error  variance  provided  the  energy  per  symbol  to  noise  (t^/'N  i  is 

replaced  by  its  averaged  value  over  the  TDMA  frame  duration  (E  /N  ) 

s  o  A\ 

where  (E  /N  )  ...  dT  C/N  where  C  is  the  received  carrier  power  and 
s  o  AV  s  o 

T  equals  duration  of  each  PSK  symbol  in  the  received  burst, 
s 

Figures  5-7  through  5-12  (see  also  Tables  D-25  through  D-46)  show 
expected  demodulation  performance  for  the  Raytheon  EDM  TDMA  system 
using  a  100-11/  carrier  tracking  PLL  bandwidth  and  optimum  PLL  bandwidth. 
Operation  is  assumed  in  the  presence  of  oscillator  phase  noise  contributed 
by  two  and  three  terminals  of  the  following  types: 

1.  Modified  HT-MT  (Figure  4-1) 

2.  ’'Cesium  II”  (Figure  4-7) 

3.  "Crystal  11"  (Figure  4-7). 

The  reader  is  reminded  that  all  references  to  "bits"  in  the  tables  refer 
to  "modulation  bits"  while  in  the  figures  the  term  "bits"  refer  to  "information 
bits."  Thus,  due  to  the  rate  of  1/2  coding,  the  following  relationships  hold. 


R..  =  R  u/2 

ib  mb 


and  E  /N  -  E  /N  ^  3  (dB) 
ib  o  mb  o 


where 


R 

R 


ib 

mb 


Information  bit  rate  (information  bps) 


Modulation  bit  rate  (modulation  bps) 


Tables  S-3  (a)  and  (b)  summarize  the  minimum  and  maximum  allowable 
Raytheon  TDMA  data  rates  when  used  with  possible  phase  noise  contributions 
expected  in  the  Phase  I!  DSCS.  Table  S-3  (a)  shows  these  results  when  a 
constant  PLL  noise  bandwidth  of  100  Hz  (one  sided)  is  used  and  Table  s-3  0>i 
shows  results  when  an  optimum  PLL  bandwidth  is  chosen  as  a  function  of  data 
rate.  These  tables  (and  Figures  5-7  through  5-12)  show  that  dramatic  im¬ 
provements  in  performance  are  obtained  when  an  optimum  PLL  noise  band¬ 
width  is  used.  They  also  show  that  the  additional  complexity  of  a  variable 
bandwidth  PLL  is  well  justified  based  on  demodulation  improvements. 
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Figure  5-7.  Raytheon  Inc.  BPSK  TDMA  Demodulation  Loss  (dB),  L^,  a 
Total  Phase  Variance,  m2  tot,  versus  Information  Bit  Rate,  Rjb(bps) 
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Figure  5-9.  Raytheon  Inc.  BPSK  TDM  A  Demodulation  Loss  (dBl,  Ltot>  and 

Total  Phase  Variance,  rr2  .  versus  Information  Bit  Rate,  R..  (bpsl 
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Figure  f) - 1 L' .  Raytheon  Ine.  Q PSK  TDR1A  Demodulation  Loss  (dR),  Ltot,  a 
Total  Phase  Variance,  rr 2  ,  versus  Information  Bit  Rate,  R  .  (bps) 


SECTION  -  PH  ASF  NOISE  SPECIFICATIONS  FOR  TERMINALS  OF  TUI  DSCS 


f».  1  ANALYTICAL  STUDY 

All  of  the  preceding  performance  analyses  were  based  on  the  assump¬ 
tion  of  a  known  or  specified  oscillator  phase  noise  spectral  densitv.  Because 
system  performance  results  depend  primarily  on  the  area  under  the  phase 
noise  densitv  curve  between  the  PEL  corner  frequency  and  the  PSK  symbol  rate, 
it  is  possible  to  specify  an  infinite  number  of  phase  noise  spectra  which  will 
meet  certain  performance  criteria.  On  the  other  hand,  if  we  are  to  devise  a 
phase  noise  specification  that  will  ensure  stated  system  performance-  measure, 
it  should  be  remembered  that  the  particular  shape  has  only  secondary  influence 
on  the  performance.  Only  the  total  phase  noise  power  from  the  corner  fre¬ 
quency  of  the  loop  to  one-half  the  symbol  rate  is  of  concern.  Therefore,  it  is 
logical  and  convenient  to  set  standards  for  the  maximum  phase  noise  power  in  a 
given  band.  Since  most  frequency  sources  show  phase  noise  characteristics 
f  s  with  the  exponent  s  ranging  from  1  to  3,  the  most  critical  characteristic 

-ti 

f  may  be  assumed  in  determining  the  frequency  band  to  be  specified.  Then, 
whatever  the  actual  phase  noise  characteristic  may  be,  the  total  phase  noise 
variance  can  be  met. 

Stated  more  explicitly,  if  the  phase  noise  specification  is  based  on  an 
f  ^  phase  noise  characteristic  about  the  loop  corner  frequence  f  and  if  f 
phase  noise  is  actually  experienced,  the  total  phase  noise  variance  can  be 
lowered  relative  to  its  specified  value,  provided  s9<  s^.  (We  will  prove  thi- 
fnr  s-values  larger  than  1  since  we  can  infer  about  s  <  1  by  continuitv.  i  It 
can  be  verified  as  follows.  If  the  phase  noise  variance  in  the  band  specified 

-  <;  ,  "So 

bv  assuming  f  1  phase  noise  equals  the  phase  noise  variance  for  f  -  phase 
noise  then  from  Equation  U1-3U  we  have 
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Since  t hi'  optimum  x-value  for  an  1  phase  jitter  characteristic  is  given  In 
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is  less  than  o  - -  L  \  for  s  <  s  because  the  function 
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is  monotone  and  increasing  for  s<  s  *  Thus  wc  can  conclude  that  f  phase 

1  - 1  -2 

noise  is  more  critical  than  for  example  f  or  f  . 


*lt  follows  that  f(si  has  these  properties  because  the  derivative  of-  f(s>  is 
positive  for  1  <  s<  Sj  as  shown  in  Appendix  B. 
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Based  on  the  assumption  l h at  wo  ;iro  faced  with  :in  f  '  phase  noise  charac- 
ti-ristio.  the  resulting  phase  noise  variance  from  the  hand  f  to  is  gi\cn  b\ 
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Equating  this  with  the  contribution  due  to  f  phase  noise  in  liquation  (3-20i,  it 
implies  that  when  using  a  FI. I,  with  a  matched  filter  processor  the  lower  band 
frequency  should  be  set  to 


B 

/  — 
1.3 


Furthermore,  if  we  set  the  upper  band  limit  to  2.  the  phase  error  variance, 

due  to  phase  noise  ipowcn  in  the  band  if(),  R^  2i,  will  give  an  upper  bound  to  the 

minimum  achievable  phase  noise  variance  according  to  Equation  t3-2<b  iregard- 
-1  -2  -3 

less  of  whether  1  .1  .  or  f  phase  noise  is  dominatingi. 

From  1 2)  and  |s]  it  is  known  that  to  prevent  more  than  0.2  dB  in  equivalent 

power  loss,  due  to  phase  noise  at  the  decision  point,  it  will  be  necessary  that 

•>  «> 

phase  noise  variance  a~  -  -15  dB  from  BPSK  and  a~  -2s  dB  for  QPSK  when 

tot  tot 

coding  is  used.  Assuming  an  f  '  phase  noise  characteristic,  the  system  should 

O 

be  designed  such  that  two -thirds  of  the  total  phase  noise  variance  cr~  is  dut 

tot 

to  t ht-  phase -locked  loop  variance  caused  by  the  additive  Gaussian  noise.  Thai 
is,  the  equivalent  power  loss  requirement  translates  into  the  loop  phase  noi-e 
\  arianccs . 


cT  -  Ik.  77  -=  -  17  dB  for  BPSK 
th 

|k-  'I 

0"  -  2: i  77  ^  -  31)  dB  for  gPSR 
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where  according  lo  Equation  (3-!h  have 


At  the  operation  point  E  /N  =  E  ,/N  -1.3  (IB  for  rate  1/2  codec)  B PS K 

s  o  mb  o 

and  K  ,  N  -  E  ,/N  +  3  -  4.  3  dB  for  coded  QPSK.  Furthermore,  from  Table 
s  o  mb  o 

A-l  (taken  from  jell  the  values  of  the  degradation  factor  rj <p  are  given  lxnh  lor 

decision-feedback  (DF)  anci  matched  filter  (MF  power  loop  implementation-  >. 

•> 

Thus,  given  <j~  ,  E  /N  and  t}#  we  can  calculate  the  corresponding  B„  R 
th  s  o  Y  v  s 

ratio  using  Equation  (6-7)  and,  using  f  =  B^/4.3,  determine  the  corresponding 
frequency  specification  band  (f(),  Rg/-1  for  a  given  PSK  symbol  rate  R^.  This 
has  been  carried  out  and  the  general  algorithmic  structure  has  been  presented 
in  Table  0-1  and  a  specific  set  of  frequency  bands  was  given  in  Table  S— i  and 
Figure  S-l.  Note  that  the  power  loop  implementation  will  specify  wider  bands, 
which  means  that  a  prescribed  phase  noise  variance  (power)  requirement  will  be 
harder  to  meet.  (The  last  band  for  Rg  =80  M  symbols  per  second  has  been  modi¬ 
fied  and  extended  down  to  23  Hz  since  it  refers  to  the  TDMA  operation.  I'se  of 
a  loop  having  a  noise  bandwidth  of  100  Hz  has  been  suggested.  1  ^ 

Having  determined  the  frequency  bands  that  are  related  to  the  data  rates, 
we  must  now  determine  the  allowable  phase  noise  power  in  these  bands.  In 
Table  1-5  the  maximum  phase  noise  power  in  a  particular  band  is  given  for  a 

K] 

set  of  equivalent  power  loss*  values  using  the  Gaussian  loss  approximation. 

The  table  also  distributes  the  total  phase  noise  contributions  on  two  and  three 
terminals.  The  two-terminal  case  is  applicable  when  the  satellite  has  a  neg¬ 
ligible  phase  noise  contribution,  and  it  is  assumed  that  the  transmitting  am! 
receiving  terminals  have  equal  contributions.  The  three -terminal  cast'  assumes 
the  satellite  has  a  contribution  equal  to  one  of  the  terminals. 

An  example  of  the  use  of  the  preceding  techniques  for  generating  a  phase 
noise  specification  is  given  in  Paragraph  6.2.  Phase  noise  specifications  for 
the  AN  MSC-60  (HT)  "follow-on"  and  the  AN/  MSC-46  "upgrade"  are  given  in 
Tables  1  -6  and  1-7,  respectively. 

*A  word  of  caution:  It  is  impossible  to  satisfy  demodulation  loss  criteria  (mini¬ 
mum  MSE)  while  simultaneously  having  inadequate  carrier  tracking  loop  cycle 
skipping  performance.  Criteria  for  these  parameters  must  also  be  satisfied 
in  any  system  analysis. 
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6.2.  APPLICATIONS 


f».  2.  1  General 

Terminal  phase  noise  specification  designed  for  BPSK  systems  in  the 
PSCS  are  derived  using  the  following  assumptions: 

1.  Rate  1  '2,  constraint  length  7,  convolutional  encoding  with  soft 
decision  (3-bit)  Vitcrhi  decoding  is  used  (sec  Table  1  -5 *. 

2.  Maximum  allowable  demodulation  loss  to  the  imperfect  carrier  pha-e 
estimation  is  <  0.2  dB  (see  Table  1-5). 

3.  Equal  phase  noise  contribution  from  terminal  transmitter,  terminal 
receiver  and  satellite  (see  Table  1-5). 

4.  Conservative  case;  systems  will  use  matched  filter  power  loops  for 
carrier  phase  estimation  (see  Table  6-1). 

0.2.2  BPSK  System  Specifications 

In  addition  to  the  assumptions  listed  in  the  preceding  section,  specific 
equipments  notably  the  Radiation  BPSK  MD-921G  modem  have  the  following 
PSK  symbol  rate  limitations: 

32  Ksps  -  10  Msps 

Using  Table  0-1  and  the  assumptions  in  Paragraph  0.2.1,  the  following 
two  frequency  bands  may  be  derived  using  the  lowest  and  highest  BPSK  symbol 
rates: 

(145  llz  -  16  Ml/. i 

and 

(45.5  kH/  -  5  Mil/. ) 

R  , 

That  is,  )  f  ,  R  '2  1  whore  ~~ —  /  f  =  110. 

'os1  2/0 
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Fsing  Table  1-4  note  that  in  each  of  the  preceding  bands  the  total  phase 

noise  added  to  any  transmitted  or  received  carrier  should  not  exceed  -2-1. 5 
•) 

dB  rad”  to  keep  demodulation  losses,  due  to  errors  in  carrier  phase  estima¬ 
tion,  <  o.2  dll.  Since  the  above  described  modem  may  be  used  for  any 
BPSK  symbol  rate  within  the  stated  limits,  a  complete  specification  would 
require  additional  overlapping  specification  bands.  This  composite  phase 
noise  specification  (overlapping  bands)  may  easily  be  satisfied  by  state  of  the 
art  designs.  Therefore  a  simplified,  but  slightly  more  stringent  single  band 
specification  which  is  still  easily  achieved  by  state  of  the  art  techniques  is 
given  by  the  following: 

BPSK  Specification 

The  total  spurious  content  added  to  any  transmitted  or  received 
carrier,  including  phase  noise  and  discrete  spurious  signals  from 
both  sides  of  the  carrier,  shall  be  at  least  25  dB  below  the  carrier 
level  when  measured  in  a  band  145  Hz  to  5  MHz  from  the  carrier 
frequency. 

In  the  preceding  specification  an  attempt  has  been  made  to  use  language  and 
style  suited  to  actual  equipment  specifications. 

6.2.3  QPSK  System  Specifications 

Techniques  analogous  to  those  used  for  BPSK  are  used  to  derive  QP<K 
phase  noise  specifications. 

For  the  DSCS,  QPSK  symbol  rates  are  expected  within  the  range-. 

(32  Ksps  -  40  Msps) 

From  Table  0-1  and  the  assumptions  of  Paragraph  6.2. 1  a  series  of  over- 

M 

lapping  specification  bands  (f  ,  R  2)  where  —  f 

os  2/o 


2S5o  may  In'  deriv  ed. 


Then  using  Table  1-4  and  the  same  set  of  assumptions,  the  following 
specifications  rmy  bo  derived  forQPSK  signaling. 

QPSK  Specification 

The  total  spurious  content  added  to  aDy  transmitted  or  received 
carrier,  including  phase  noise  and  discrete  spurious  signals  from 
both  sides  of  the  carrier  shall  be  at  least  37.  5  dB  below  the  earrk  r 
level  when  measured  in  the-  following  bands: 

5  Hz  to  16  Hz  from  the  carrier  frequency 
20  Hz  to  76  kHz  from  the  carrier  frequency 
200  Hz  to  0.  6  MHz  from  the  carrier  frequency 
1.7  kHz  to  5  MHz  from  the  carrier  frequency 
7  kHz  to  20  MHz  from  the  carrier  frequency. 


6.  2.-1  Phase  Noise  Specifications  forMHL's  U'SC-28  BPSK  Spread  Spectrum 

The  USC  -2S  may  essentially  be  treated  as  a  modified  BPSK  system 
after  the  PN  sequence  has  been  removed  as  discussed  in  Paragraph  5.2.3  of  this 
report.  Carrier  phase  estimates  are  derived  from  the  LOW.  Worst  case  oper¬ 
ation  (from  a  phase  noise  point  of  view)  is  a  rate  1/2  coded  LOW  at  150  BPSK 

symbols  per  second  and  an  E  /N  -  1.3  dB  (energy  per  modulation  symbol 

s  o 

noise  density).  If  the  R/T  channel  operates  at  150  BPSK  symbols  per  second 
with  an  E  /N  =  1.3  dB  the  carrier  phase  estimation  problem  is  equivalent  to 
that  for  an  ordinary  150  BPSK  symbol  rate  system. 

Thus  the  following  frequenev  band  (f  ,  R  / 2 )  derived  as  in  Paragraph  6.2.2 

o  s 


R,  / 

(.  6  -  75  Hz  )  whe  re  — 7—  /  f  =110. 

2/0 


Using  Table  1-4  and  the  assumption  of  Paragraph  6.2.1,  the  total  phase 

noise  added  to  any  transmitted  or  received  carrier  should  not  exceed  -24.5  dB 
2  2 

rad  =:  -25  dB  rad  to  keep  demodulation  losses  due  to  errors  in  carrier  phase 
estimation  <  0.2  dB. 


~  *'■  -sWKHIWr 
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As  noted  in  Paragraph  5.2.3,  even  at  high  data  rates  the  carrier  phase 
estimate  was  derived  from  the  LOW  which  was  constrained  (in  rate  1/2  coded 
operation)  to  operate  at  a  150  BPSK  symbol  per  second  rate.  Operation  at  the 
highest  BPSK  symbol  rate  (5  mspsi  means  that  the  effective  phase  noise  band 
is  stretched  to  become  (0.0  Hz. -2.  5  MHz  i.  However,  operation  of  the  (.'SC -2** 
is  such  that  at  the  high  data  rates  so  much  additional  power  is  added  to  the  LOW 
(E^  N  »1.3  dB)  that  losses  due  to  thermally  induced  errors  in  carrier  phase- 

estimation  become  negligible.  Thus,  from  Table  S-5  the  total  error  variance 

«> 

a  .  -  -15  dB  rad”  for  a  0.  2  dB  demodulation  loss  may  be  assumed  to  be 
tot 

caused  by  untracked  oscillator  phase  noise  and  distributed  equally  (13  allo- 

2 

cation  or  -4.  77  dB)  to  give  -19.77  rad  for  each  of  the  up-  and  down -converters 
and  the  satellite.  Thus,  the  following  terminal  phase  noise  specification  is  gen¬ 
erated  for  terminals  operating  with  the  USC-28  BPSK  spread  spectrum  system. 

Specification  for  l’SC-26 

The  total  spurious  content  added  to  any  transmitted  or  received 
carrier,  including  phase  noise  and  discrete  spurious  signals,  shall 
not  exceed  conditions  specified  in  the  following  paragraphs. 

1.  Total  spurious  content  from  both  sides  of  the  carrier  shall  be 
at  least  25  dB  below  the  carrier  level  when  measured  in  a  band 
0.6  Hz  to  75  Hz  from  the  carrier  frequency. 

2.  Total  spurious  content  from  both  sides  of  the  carrier  shall  be 
at  least  20  dB  below  the  carrier  level  when  measured  in  a  band 
0.6  Hz  to  2.5  MHz  from  the  carrier  frequency. 

0.2.5  Phase  Noise  Specifications  for  Raytheon  Inc.’s  Burst  Coherent  TDM  A 

As  discussed  in  Paragraph  5.3  of  this  report  the  100  Hz  carrier  tracking 
PLL  bandwidth  for  the  TDMA  system  is  constrained  to  much  less  than  the 
TDMA  frame  rate'  independent  of  the  actual  BPSK  or  QPSK  symbol  r3te.  The 
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most  c  ritical  (i.e.  ,  largest)  frequency  band  may  therefore  be  derived  by  using 
the  highest  QPSK  symbol  rate  of  80  msps  and  Equation  16-7).  The  TDM  A  band 
is  thus  (23  H^-40  Mil/-*  or  {B(p/4.3,  R^/2}  where  B^,  100  Hz. 

Using  Table  S-q  the  following  specification  is  derived  for  Ql’SK  TDM  A 
where  demodulation  losses  due  to  imperfect  carrier  phase  estimation  arc 
<;  0.2  dB. 


Phase  Noise  Specifications  for  Raytheon  Inc.  TDMA 

The  total  spurious  content  added  to  any  transmitted  or  received 
carrier  including  phase  noise  and  discrete  spurious  signal  from 
both  sides  of  the  carrier  shall  be  at  least  37.  5  dB  below  the  carrier 
level  when  measured  in  a  band  23  Hz-40  MHz  from  the  carrier 
frequency. 

6.  2.  6  Summary 

In  Paragraph  6.2  phase  noise  specifications  have  been  presented  for  vari¬ 
ous  equipment  expected  to  be  operational  in  the  DSCS.  Since  the  AN,  MSC-du 
(HT i  follow-on  earth  terminal  is  expected  to  work  with  all  or  some  modified 
version  of  the  preceding  equipment,  all  of  the  specifications  of  Paragraph  6.2 
must  be  equalled  or  exceeded  by  this  earth  terminal. 

Deleting  all  but  the  most  stringent  specifications  gives  the  proposed 
specification  on  phase  noise  for  the  follow-on  AN  MSC-60  (HT)  earth  terminal 
shown  in  Table  S-r 

6.3  PHASE  NOISE  SPECIFIC  ATIONS  FOR  THE  AN  MSC-46  " T PC RADI " 

Preceding  derivations  of  phase  noise  specifications  for  the  AN  MSc'-66 
(HT)  follow-on  included  all  contributions  to  phase  noise  on  the  transmitted 
or  received  signal  including  the  effects  of  the  frequency  standard  which  is  the 
basic  source  of  all  frequencies  in  the  terminal.  However,  the  AN  MSO-46 
upgrade  will  be  based  on  terminal  designs  for  which  the  frequency  standard 


will  be  government  furnished  equipment  (GFF)  procured  under  separate 


contract. 

Therefore  a  sub-system  phase  noise  specification  must  be  generated  lor 
terminal  designs  excluding  the  effects  of  a  frequency  standard.  Of  course 
these  subsystem  phase  noise  specifications  must  be  consistent  with  total  phase 
noise  specifications  on  terminals  with  a  frequency  standard. 

Considerable  difficulty  is  experienced  when  attempting  to  allocate  phase 
noise  between  the  terminal  itself  and  its  frequency  standard.  This  difficult;, 
occurs  in  spite  of  the  fact  that  phase  noise  due  to  the  standard  dominates  at 
very  low  frequencies  while  phase  noise  due  to  the  terminal  dominates  at 
higher  frequencies  because  the  crossover  frequency  between  these  two  phase 
noise  sources  is  a  function  of  very  specific  equipment  designs. 

However,  discussions  with  both  a  Fluke  representative  and  Comteeh 
proved  that  Fluke's  tllGO  A,  AO  synthesizer  has  a  3-pole  200  Hz  low  pass 
filter  which  filters  phase  noise  due  to  the  frequency  standard  beyond  this  point. 

Since  the  Fluke  synthesizer  is  an  integral  part  of  the  AN  MSC-4G  upgrade- 
design  we  can  state  that  phase  noise  due  to  the  standard  will  dominate  at 
frequencies  below  200  Hz  while  phase  noise  due  to  the  terminal  itself  wiU 
dominate  at  frequencies  above  200  Hz. 

The  terminal  phase  noise  specifications  for  the  AN  MSC-4(i  upgrade 
shown  in  Table  S-7  is  seen  to  be  a  modification  of  the  phase  noise  specifications 
for  the  AN  MSC-fiO  ( f I T )  follow-on  (Table  S-(>)  only  within  the  region 
below  2oo  Hz.  A  comparison  of  these  phase  noise  specifications  in  the  frequency 
band  (O.fi  Hz-75  Hz)  indicates  that  the  phase  noise  contribution  due  to  the 
"terminal  only"  must  be  12  dB  below  that  due  to  the  frequency  standard,  i.c.  , 
less  than  0.25  dB  additional  phase  noise  caused  by  the  "terminal  only."  A 
second  band  has  also  been  derived  in  the  same  manner  to  cover  the  frequenev 

i 


In  summary,  phase  noise  specifications  have  been  derived  for  terminal 


designs  which  do  not  include  a  frequency  standard  (as  in  Table  S-7  for  the 
upgraded  AN/MSC-46).  To  meet  total  system  phase  noise  specifications, 
frequency  standards  must  be  chosen  that  satisfy  the  total  specification.  At 
this  time  a  complete  set  of  phase  noise  specifications  have  not  been  derived 
for  the  frequency  standard  independent  of  the  terminal  design.  Thus,  for  the 
present,  frequency  standards  are  best  evaluated  in  conjunction  with  a  specific 
terminal  design. 
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In  this  paper  the  term  Soft  Viterbi  decoding  represents  the  following 
of  operational  values. 

It  is  assumed  that  rate  1/2,  constraint  length  7,  convolutional  encoding  is 
preceded  by  a  differential  encoding  process  as  shown  in  Figure  2-1.  On  the 
receiver  side  it  is  assumed  that  soft  Viterbi  (s-leveli  decoding  is  performed 
and  then  followed  by  differential  decoding.  The  nominal  BER  at  the  system 

_5 

output  is  assumed  to  be  10  required  an  energy  per  information  bit /noise 

density  E.^/N  =  4.3  dB.  Due  to  the  rate  1/2  structure  of  the  encoding  process 

this  corresponds  to  an  energy  per  modulation  bit/noise  density  E  ,  7N 

mb  o 

1.3  dB. 

NOTE  3: 

An  additional  degradation  factor^  9  Should  also  be  included  for  decision 
feedback  loops  since  the  phase  error  at  the  symbol  decision  point  causes  an  in¬ 
crease  in  the  number  of  erroneous  symbol  decisions  which  directly  change  the 

2  t r 

loop  gain  by  (1  -  2P  sin  ~  )  where  P  is  the  symbol  error  probability  and  M 
s  M  s 

is  the  type  of  PSK  modulation. 

Loop  corner  frequency  f  as  defined  by  Equations  (3-11)  through  (3-14'  is 
portional  to  the  square  root  of  loop  gain  and  therefore  f  should  be  modified  a.-: 


For  small  values  of  P^  this  effect  on  the  corner  frequency  may  be  neglected. 
NOTE  3: 

It  is  assumed  that  the  B5400  crystal  would  eventually  be  phase-locked 
to  an  atomic  standard  to  prevent  long-term  frequency  drifts  of  the  crystal 


oscillator.  However,  in  this  report  it  is  assumed  that  the  bandwidth  at  which 
the  crystal  is  phase-locked  to  the  atomic  standard  would  be  considerably 
smaller  (<  a  factor  of  10)  than  the  optimum  bandwidth  of  the  receiver  tracking 
loops,  t'nder  these  conditions  the  effects  of  phase  noise  in  the  atomic-  standard 
may  be  neglected  as  in  the  curve  labelled  "crystal  II"  of  Figure  -4-7  Of  coursi  , 
the  analysis  in  this  report  could  easily  be  used  to  indicate  expected  performance 
should  the  appropriate  data  become  available. 
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APPENDIX  A  -  PARTIALLY  COHERENT  M-ARY 
PSK  DEMODULATION  LOSS  FUNCTIONS 


In  1 6 1  it  is  shown  that  the  variance  of  the  phase  estimate  obtained  using 
a  power  loop  tracking  on  M-ARY  PSK  signal  in  the  presence  of  additive  white 
(iaussian  noise  (AWGN)  is  given  bv: 


who  re 


i  A-  1 


i  A-.'. 


In  r 8 ]  it  is  shown  that  the  variance  of  the  phase  estimate  obtained  using 
decision  feedback  (DP)  tracking  an  M-ARY  PSK  signal  in  the  presence  of  AWGN 
is  also  given  by  Equation  tA-1)  where: 


P  modulation  svmbol  error  probability  li.e. ,  the  probability  that  the  symbol 

S 

is  received  correctly  is  1  -  P  i  and  all  other  parameters  are  as  defined  in 

s 

Sections  d  and  A. 

Evaluation  of  iA-_’i  and  iA-:t>  is  provided  in  Table  A- 1  for  \arious  con¬ 
figurations  of  interest.  Also  shown  in  Table  A-l  are  tabulated  loss  functions 
for  symbol  timing  loops  which  have  not  been  considered  in  this  report. 


*  This  correction  factor  differs  slightly  from  the  one  given  in  (9).  The  dif¬ 
ference  lies  in  the  precise  definition  of  loop  bandwidth.  The  above  form  is 
preferred. 
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A-].  IVrformnner  Comparison  of  Decision-?' eodlruk  :in<i  I’mu  r  I.<>u| 
Implement tlinns  for  M-rtry  PSK  Demodulation 
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In  Section  3  of  this  report  wo  have  shown  how  carrier  phase  estimation 
quality  (MSK)  could  be  described  in  terms  of  phase  error  variances  which  de  ¬ 
pend  upon  various  system  parameters  (e.  g. ,  E.^  ^Nq,  S^(f),  ,  etc.  i. 

In  tin'  preceding  we  have  also  summarized  how  the  modulation  removal  Ins- 
factor  V  (re<tuired  in  the  calculation  of  phase  error  variance)  may  be  calculate' 
for  matched  filter  power  loops  and  decision  feedback  loops.  It  remains,  hov.  - 
e\er,  to  indicate  how  these  phase  error  variances  may  be  translated  into  de¬ 
modulation  losses  from  ideal  performance.  In  [8]  it  is  shown  that  for  small 
demodulation  losses,  the  following  equation  will  provide  an  accurate  descrip¬ 
tion  of  M-ary  PSK  demodulation  loss  L  in  dB  versus  phase  error  \arianct  in 
radians. 


1-  4.:u  o-‘  j1  +  —  log.,  M 

(  o 


w  he  ri' 


mb 


energy  per  modulation  bit  'noise  density  expressed  in  a  pure  number 


For  BPSK  and  QPSK  this  result  simplifies  to: 


BPSK  iM  Ji 


and  if  0  <  <  1  the  follow  inn  familiar  forms  result: 


iA-7, 


(A- 


Equations  (A-4)  through  (A-*)  will  provide  accurate  loss  estimates  when  the 

2 

carrier  phase  estimation  error  variance  cr  is  of  sufficiently  small  magnitude. 
This  accuracy  limitation  occurs  because  the  preceding  equations  are  based 
upon  an  assumption  of  a  Gaussian  phase  error  density  as  being  an  accurate 
characterization  of  the  phase  error  process  in  a  second  order  carrier  phase 
estimator.  Actually  it  is  known  from  (51  that  even  for  a  first  order  simple 
I’Ll.,  the  Gaussian  assumption  is  only  valid  at  small  cr“  values  (high  signal- 
to-noise-ratios)  and  that  a  Tikhonov  phase  error  density  is  exact  for  a  first 
order  loop  in  the  presence  of  AWGN  and  is  also  a  good  approximation  for  a 
second  order  loop.  The  Tikhonov  phase  error  density  is  given  by  the  following 

p(<^  exp  (<v  cos  v>/2-lo(cv)  <P  J  <  ”  <A-0) 

where  o  is  the  PI. I.  signal-to-noise  ratio. 

Charles  Wolfson  has  assumed  that  a  modified  form  of  the  Tikhonox  density 
may  be  used  to  describe  the  phase  error  process  in  various  power  loops  (i.e.  , 
modulation  removal  loops  such  as  squaring,  quadrupling)  to  derive  demodulation 
losses  for  HPSK  and  (^PSK  systems.  This  modified  Tikhonox  phase  error 
density  is  given  by  the  following: 


p(M<P)  -  M  exp|Ct  cos(M<p||/'2ff  I  (a  > 
M  o  M 


(A-10 


where 

|0;  s  IT  M 


•>  -O 

M“  u  m  a 

M 


and  M  is  the  maximum  number  of  signal  phases. 

Since  the  modified  Tikhonov  density  will  approach  a  Gaussian  density 
2 

for  small  cr  (large  ct),  losses  based  upon  either  technique  are  in  good  agree¬ 
ment  when  demodulation  losses  are  small.  In  [8)  it  is  shown  that  results  based 
upon  the  Gaussian  approximation  are  accurate  to  within  0.01  dB  when 


and 


M  -  2 


(A-U) 


L  <  0.4  (dB)  M  =  4  (A-12) 

For  the  large  loss  case,  it  is  obvious  that  neither  the  Gaussian  nor 

modified  Tikhonov  density  will  accurately  describe  the  phase  error  process 

in  a  modulation  removal  PLL.  However,  it  is  believed  that  the  approximation 

based  upon  the  Tikhonov  density  will  provide  the  most  accurate  description  of 

demodulation  losses  currently  available.  Due  to  the  nature  of  the  analyses 

used  to  derive  demodulation  losses  in  (8j  and  [2,  7)  based,  respectively,  on  the 

Gaussian  or  Tikhonov  densities,  it  is  believed  that  the  former  will  provide 

2 

the  most  accurate  characterization  for  small  losses  (small  cr  )  while  the  latter 


will  provide  the  most  accurate  characterization  for  large  losses  (large  rr  ). 
Therefore,  in  this  report  a  two  part  (large  and  small)  loss  approximation  is 
used  to  indicate  demodulation  performance. 


In  the  preceding  we  have  limited  our  discussion  of  demodulation  losses 
to  PSK  systems  which  are  unencoded.  To  access  the  impact  of  convolutional 
encoding  and  Viterbi  decoding  (as  described  in  Note  1  of  the  Annex  to  this 
report)  we  may  use  the  coder  functional  as  described  in[l9]. 

* 

That  is; 


P  (coding) 
e 


( A-13 i 


where 


d  10  is  the  minimum  free  distance  of  the  rate  1/2,  constraint  7 

min 

convolutional  code. 


Equation  (A-13)  implies  that  the  net  effect  of  coding  is  to  increasing  the 

effective  signal-to-noise  ratio  by  10  log  d  in  the  error  function.  Thus  in 

min 

the  Gaussian  approximation  to  the  loss  function  (Equations  (A-4)  through  (A-Vi) 

equivalent  losses  for  the  coded  case  mav  be  calculated  with  an  effective  E  N 

b  o 

(E,  N  ) 
b  o 


eff 


E.  N  10  dB. 
b  o 


For  example,  when  using  the  Gaussian  approximation  and  the  system 
described  in  Note  1,  and  when  L  =  0.2  dB 


-  1-1.  9  dB  BPSK 


u2  -  27.  8  dB  QPSK _ 

x  ,  2 

*  4>(xi  /  -  exp(-t  2)  dt 

-®  J2V 

The  "const''  in  Equation  (A-13)  is  not  strictly  a  constant  with  respect  to 

E  'N  but  is  much  less  dependent  than  the  error  integral  4> . 
b  o 


A  -6 


Results  using  the  Tikhonov  phase  error  density  as  described  above  and 
in  12!  and  [71  are  summarized  in  Figure  A-l. 

The  following  convention  has  been  adopted  when  plotting  all  of  the  (non¬ 
linear)  demodulation  loss  scales  shown  in  this  report: 

When  demodulation  losses  are  less  than  0.2  dB,  then  losses  are 

based  upon  the  Gaussian  approximation.  When  the  losses  are 

>  0.2  dB  then  losses  are  based  upon  the  Tikhonov  approximation. 

In  our  view  this  two  part  loss  functional  with  a  break  point  at  0.  2  dB 
represents  the  best  estimate  of  demodulation  losses  currently  for  the  coded  case. 

More  recently  in  [21],  loss  formulas  were  derived  which  indicate  that  the 
coded  QPSK  loss  functional  (both  large  and  small  loss  approximation)  used  in 
this  report  may  be  too  conservative.  However,  if  new  loss  functionals  are  in¬ 
deed  proved  to  be  more  accurate  than  those  used  here  (especially  for  QPSK), 
it  is  a  simple  matter  to  replot  the  loss  ordinates  of  the  demodulation  perform¬ 
ance  curves  of  this  report  since  the  remainder  of  the  analysis  will  remain 
affected. 
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SUPPRESSED  CARRIER  SYSTEMS 


-  UNCODED 

—  - - HARD  DECISION  DEMODULATION  (Q-21 

- SOFT  DECISION  OEMOOULATION  (Q-81 


Figure  A-l.  Comparison  of  Degradation  Incurred  for  Auxiliary  Carrier, 
Suppressed  Carrier  BPSK  and  QPSK  Systems 
With  and  Without  Viterbi  Decoding 


APPENDIX  B~  VERIFICATION  OF  WORST  CASE  PHASE  NOISE  ASSUMPTION 


Verify  that  Equation  (6-5) 


^  «s,  - 

r,  Z  S,'  S-l  > 


1-i 

s 


(Sj  ^  s  >  1, 


(6-5) 


is  monotone  and  increasing  for  (1<s£Sj).  That  is  f(s)  1  f(s  j )  when  1<  s  <  s  . 

That  f(si  is  monotone  and  increasing  may  be  seen  from  the  positiveness  of 
the  derivative  of  «M(s)  (s^  2  s  >  1).  Now, 


-'r  (?)  -  (£) 


so 


6>-f(s)  j_  Sr1 

is  2  v  s-l 


sj*  s  >  1 


1 B—  1  > 


lB-2, 


Since  (Sj-1)  >  (s-l)  when  (s^  u  s  >  1) 


-  (£)  > . 


i  B-  3 1 


and 


£*■  -  f  <  s ) 


>  0 


(B-  \< 


Hence,  we  can  conclude  that  f(s)  <  f (s ^ )  for  l<s  <  s  . 


APPENDIX  C  -  EVALUATION  OF  INTEGRALS  ASSOCIATED 
WITH  PHASE  NOISE  INFLUENCE  ON  COHERENT  PSK  DEMODULATION 


This  appendix  presents  an  evaluation  of  the  integrals 


f  /  sin  u  x  r 

J  1  x4  1  QX  ' 


dx  ;  for  k  -  0,  1,  2,  3,  t; 


associated  with  phase  noise  influence  on  coherent  PSK  demodulation. 

Although  these  integrals  are  very  similar  for  all  k-values,  a  closed 
form  solution  can  only  be  obtained  for  even  k-values  using  complex  integration 
or  residue  calculus.  For  odd  k-values  we  must  settle  for  approximate 
integral  evaluations. 

C.l  EVEN  K-VALUES 

For  even  k-values,  i.e.,  k  =  0,  2,  4,  we  first  rewrite  1^  as 


sin"  ux  dx 


(C-.’i 


o  1  -  x 


For  k  -  0, 


1  _*1_\  2 
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x  1  *  x  / 


ax  dx 


1  X 

1  /  sin“  0l\  .  1  f 

— r  — r~  d*  -  —  / 

*  J  \  2a  J 


1 1 -cos  2a  \  i  cL\ 


while  for  k  2  or  4. 


X 

^  f  ^ 

’a"  Jo  l  •  x4 


(l-cos  2a  x)  dx 


(C-5) 


Since  the  integrands  of  all  four  integrals  are  even  functions,  we  can  evaluate  them 
over  the  interval  (-<*>,  ~  )  and  obtain  twice  their  values.  This  method  makes  it 
possible  to  determine  the  value  of  a  particular  integral  as  the  residues  ot  it' 
integrand.  Consequently,  these  integrals  are  also  available  in  tables  such  as 
those  published  by  [20],  from  which  wo  directly  obtain 
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C.2  ODD  K -VALUES 

For  odd  k-values,  i.e.,  k  =  1,  3,  we  must  settle  for  approximate 
evaluations  of  the  values  of  1^.  Since  we  desire  to  evaluate  1^  for  small 
a -values,  we  must  first  bound  the  integral 
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where  tlie  value  of  a  will  be  chosen  later  to  obtain  tight  bounds.  The  inequalities 
result  from  the  observations  that 
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The  other  integral  can  be  reduced  to  a  simpler  form  and  expressed  in  terms 
of  the  cosine  integral  cifx).  Since 
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and,  using  repeated  partial  integration  with  0  =  aa, 
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and  y  0.577  215  ...  is  Euler's  constant.  Thus,  we  have  an  upper  bound  for 
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Keeping  the  dominating  terms  for  small  a  ,  we  get 
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The  corresponding  lower  bound  for 
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If  we  choose  a  =  2. 5,  the  upper  and  lower  bound  for  a  <  0. 1  will  be 
within  2  percent  of  each  other.  Thus,  the  integral  1^,  with  good  accuracy, 
is  approximately  equal  to 

17  2  2  2  2  2 

I  =  -  -  0.  04  -  ~  a  In  Q  0.  15  Q  =  0.  825  •  -  a  In  u  (u<  0.  1 1 
1  *1  3  3 


iC-2-i 


For  k  =  3  we  have  the  upper  bound 
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Again,  with  a  =  2.  5,  the  upper  bound  is  within  2  percent  of  the  true  value  of 
I  for  a-values  less  than  0. 1.  Thus  we  have  the  approximation 
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Table  D-2.  QPSK  Decision  Feedback  With  HT-MT  Phase 
Noise  (2  Terminals)  (Losses-Soft  Decision  Viterbi  Rate 
1/2  Decoding  BER  -  10  ) 
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Table  D-3.  BPSK  Power  Loop  With  HT-MT  Mod 
Phase  Noise  (2  Terminals)  (Losses-Soft  Decision 
Viterbi  Rate  1/2  Decoding  BER  =  10  ) 
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Table  D-4.  QPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (2  Terminals)  (Logses-Soft  Decision  Yiterbi  Rate 
1/2  Decoding  Bt'R  =  It)  ) 
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Table  D-5.  BPSK  Decision  Feedback  With  HT-MT  Mod 
Phase  Noise  (3  Terminals)  (Lpsses-Soft  Decision  Viterbi 
Rate  1/2  Decoding  BER  =  10  ) 


onir*r’'  loo?  povriirTH  r\> r  thf  cofpfffoni  imc 

PHfir-r  \'CISF  VPMPNCF 

(JEClLLATOl  5FF0TFOL  ('Mf'FFriFI  I  ST  I CE 

HO=  1.R9F-10  1CI/H7  HI*  r  F  AT 

HF=  .CM*  h£l  *H7.  H3  =  .  r>  hfiT*HZtP 

F?*  v=  P  FF  /MO*  i  •  a  TF 


n  10TF  * 

i l-p^T( r  f ) 

PH- VO PC  TOT  > 

r/r 

H7 

r  f 

7* 

7 • fi  f  RR  1 

-R.  /'949  7 

1  50 

9.90  W  ? 

-  1 0. 44  FR 

3CC 

If./ 760 

-  IP. 383 1 

1P0C 

19.R01P 

-  16.P047 

4KOP 

31.6? 33 

-  19.9P94 

19000 

49  .RP?F 

-?3. FIR? 

7  68  00 

75.71? 

-PC. 91/6 

307  ?or 

1  OP. ??7 

-P9.96/9 

1 f  f  «« 00 

3?  P.  ° 

-3P. 6RP9 

£  9  !  *  TOO 

*pR. 705 

-.7 1.7/-  58 

19/60800 

1  17*. 7 

-?7. 0° 1 3 

7R/  /  3P0C' 

f 30F. 0? 

-P  l.p/OF 

COr I  NO  061  \ 

OF 

10 

F  FRiort'I.FTI  OV  LOSSFS  t'FIVC  C-6USEIPN 

£  FPF  OX  6FF 

6CCIT6TF  tHCN  < 

.  1 16/69 

r i t  r  ptf 

LOE  5 ( TOT  1 

LOSSC  TH  ) 

P/5 

cm 

(  TF> 

7  F 

1 . 7R  z *9 

.RFB/'PP 

1*0 

. 9/BZ ZF 

.631P79 

300 

.  ZiZi/OR  * 

«?P RF3F 

1P00 

.  137f  1  * 

7 • 28637F-? 

/.ROO 

*.  0  )  *9  IF-?’ 

P.6 1  1 9  9 1 - ? 

19100 

p.  o/-/?*F-r 

9.9 1/99F-3 

7  /  R  0  0 

9 . 073RF- 3 

3.R47  1RF-3 

307P0C 

4.  /;?/  7  3F-  3 

1./R3FFF-3 

| PPRROO 

?. 3*69/ F- 3 

9. 77SPP F-4 

49  1  *PC  0 

P.9P9/1F-3 

4 * 6009F - / 

19/ for  or 

R. 7P3RF-3 

P.P19P3F-4 

7R//i?PO0 

3. *74f3F-r 

1.0R771F-/ 

FH-VPFf TH5 

H7, 

-  10.  /'7Rz 

-  1P.4R*3 

-  |/i.  Z<9P? 

-  IB.  *C'f  ? 
-PP.5P1? 
-P6 . 5/ 

-30. 5745 
-34.68  IP 

-3*. 

-39.7FP7 
-IP. 9 1 F9 
-46.01 IP 
TF 


PH-VPFC  FN i 

rr 

-  1F.B5P7 

-  14. 70R/ 

-  If.  53? 
-PC'.  P6P? 
-??. 40P9 
-P6.FI/9 

-  P9  •  3  6 
-31. 753? 
-35. 0PP5 
-3P./939 
- P7. 1961 
-P1.P7/7 


rr 


TIKHONOV  APPROX. 


LOSS(TOT) 

LOSSfTB » 

(DB) 

(DB) 

>6 

>6 

>6 

>6 

>6 

1.2 

.13 


<•  1 


•  inP  r  'i  n  bit  rate  -  }  ■  modulation  bit  rate 


Table  D-6.  QPSK  Decision  Feedback  With  HT-Mt  Mod 
Phase  Noise  (3  Terminals)  (Losses-^oft  Decision 
Viterbi  Rate  1/2  Decoding  BER  =  10~  ) 
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Table  D-7.  BPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (3  Terminals)  (Losses-Soft  Decision  Viterbi  Rate 
1/2  Decoding  BER  =  l(f  5) 
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Table  D-8.  QPSK  Power  Loop  With  HT-MT  Mod  Phase 
Noise  (3  Terminals)  (Logses-Soft  Decision  Viterbi  Rate 
1  '2  Decoding  BER  =  10  ) 
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Table  D-9.  Demodulation  Performance  -  BPSK,  Power 
"Cesium  11"  Phase  Noise  (2  Terminals) 

jLosses  -  Soft  Decision  (3  bit I.  R=J,  K=7,  Viterbi  Decoding  (a  BER=10'S1 
*  Information  bit  rate  =  \  •  modulation  bit  rate 
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Table  D-10.  Demodulation  Performance  -  QPSK,  Power  Loop, 
"Cesium  II"  Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3bit),  R=l/2,  K=7,  Viterbi  Decoding  at  BER  10 
•Information  bit  rate  =  1/2  •  modulation  bit  rate. 
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Table  D-ll.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Cesium  fl"  Phase  Noise  (2  Terminals) 

{Losses  -  Soft  Decision  (3  bit),  R=l/2,  K=7,  Viterbi  Decoding  at  BER  =  10 
•Information  bit  rate  =  1/2  •  modulation  bit  rate. 
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Table  D-12.  Demodulation  Performance  -  BPSK,  Power  Loop, 
"Cesium  II'  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-13.  Demodulation  Performance  -  QPSK,  Power  Loop, 
"Cesium  II’  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-14.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Cesium  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

{losses  -  Soft  Decision  (3  bit),  R»i,  K-7,  Viterbl  Decoding  Q  BER*iO‘S( 
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Table  D-15.  Demodulation  Performance  -  BPSK,  Power  Loop, 
"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

{Loaaea  -  Soft  Declalon  (3  bit),  R“4,  K=7,  Vlterbl  Decoding  0  BER“10'5( 
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Table  D-16.  Demodulation  Performance  -  QPSK,  Power  Loop, 
"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 

|Loaae»  -  Soft  Dect.lon  ,3  bit,.  R=i.  K-7.  Vtterbt  Decoding  6 
.  information  bit  rate  =  J  •  modulation  bit  rate 
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Table  D-17.  Demodulation  Performance  -  QPSK,  Decision  Feedback, 
"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 


jLoaeaa  -  Soft  Declalon  (3  bit),  R«J,  k=7,  Viterbi  Decoding  @  BElWO'Sl 
•  Information  bit  rate  •  4  •  modulation  bit  rate 


Phflcf  v/AL|A»frc,  v/c#  imu  • 

AT  OPTTmmm  «>l  f  A  ►  P  •  TOT*--: 

i'-fpv  DC,*  *•  r  u 

1  ,  f- 


OFT  ffhiMTK  r  MO|  y  *«t  •  T  t  T  1 


PAMD)  ft'C.  tfUJ:  ,7n7|n7 
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(  -nr .  o  1  -re  /«. .  r  i  ( >-7  1 

( Pm _ -fine  1 

(  Th) 

( ht--PA ) 

l<7?oft.  ?.  7?1 

77  ft;-.-,.  S.u-? 

ftn7?"n.  imis 

IPftftOAO. 

<.Q]S?nn.  1 1. 1 .  n  - 1 
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*T  00  r  1  mi  im  ft  «  mo  *1  I  r  th  : 
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r.ti  iftft  ]  sm 

<  .ftftnnnr,  n  m 

nrricin>i  rFriiP^r^  i„p|  r»i 

IT  t  t  1  (,. 

ri»MOI‘ir.  FiCTOPr  .ft -7  IP  7 

QMft- 

•  1 

|  fttcITOTI 

1  ncc.(T~.| 

(MOD.  MITft/ftftri 

I  ft-  7  ) 

<()•*  ) 

(•Jft*) 

1  Q?0(1  . 

?.  7?1 

. 7c  rfiftc  .ft 1 

.??*<.* -n ] 

7».Oftft . 

c  .  ft-V? 

.»,?<. c>f  -0 ) 

. list* -0  ) 

70770(1, 

I  ^  .  1  •  M 

. 7?»  ft* -0  I 

. 7W4*t -0? 

) ??nnpn . 

**.  iy*- 

-n  ] 

.y*??f -n? 

tO) S?ftO . 

t*.  1  .OKI 

. 77  70f  _n 1 

-(1? 

1 yf tnuftn . 

. «.om,c  .a  | 

. ftKnWft  —n? 

7Bft<.  ftpun  . 

1  7ft)  ,7-ft  1 

-ft  | 
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D*-.-  y  ,\W  (  Di.  \ 
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Table  D-19,  Demodulation  Performance  -  Radiation  Inc. 
BPSK  With  Modified  HT-MT  Phase  Noise  (2  Terminals  +  1 
Equivalent  Satellite)  (Losses  -  Soft  Decision  (3  bit),  R  =  1/2, 
K  =  7,  Viterbi  Decoding  at  BER  =  10  ) 


LOOP  PANLWIL'IH  AN  L  1H1  C  OFFESP  ONLI NG 
PHASE  NOISE  LAMANCF 


OSCILLATOP  SPECTRAL  CH AP AC  I F M S T I CS 

HP*  1.B9F-10  FAL/H7  HI*  8  FAL 

Mg.  .PIS  FAL-H7  H3«  .3  PAD»H7*2 


8-AFY  FSK 

F«  ? 

FP/N8*  1.3 

DP 

MOD.  BIT  RATE  * 
P/S 

BW  (MFl 

H7 

FH-UAF<  TOT ) 
DF 

PH-VAM  TH  > 
IF 

1288 

1  7  S 

-8.28022 

-8.P9P1 5 

9888 

1  7  S 

-19.265? 

-19.3127 

I  9200 

1  7  S 

-2e. 19SS 

-28.3333 

768ee 

1  7  S 

-25. 6389 

-26.3539 

387280 

1 7  S 

-29.939 

-32.37  AS 

1 228800 

17S 

-31 .7589 

-38.3951 

9915200 

1  7  S 

-38.9185 

-99.91 57 

19660680 

175 

-26.9312 

-58-9363 

78693 200 

ITS 

-21  .*156 

-56.9569 

C  CL  I  NG  SENS  I V I TY  GAIN-  1? 

Uf 

t'EPODUl.ATI  ON 

LOSSES 

USING 

GAUSSIAN 

APFFCK  APE  ACCURATE 

WHEN- 

.116969  UP 

EH  -  OAF (  FN1 
CF 


-33.8979 
•33.R993 
-33.8798 
-33.82 PS 
-33. fere 

-32.8101 

-38.5951 

-26.99b5 

-pi .es7  3 


MOD.  BIT  RATE  * 

LOSS(TOT) 

L  05  5  (  TH  ) 

Tikhonov 

Approx. 

(P/S) 

(  DP ) 

<  DP> 

Do 8 8  (tot) 

Loss  (Th 

1  288 

1 .93791 

.  693899 

>6 

>6 

9888 

. 299669 

.  1687  7  9 

1.65 

1.65 

1  9288 

9.79996E-2 

9.0I939E-2 

<.  1 

<.  1 

76888 

1 .2P896F-P 

1 .80983F-P 

. 

387  288 

9 . 96 68 l E- 3 

P . 5 1 209F- 3 

. 

1 228888 

2.92652F -3 

6.26822F-9 

• 

991 5288 

3.98959F -3 

1 . 57  0P5F - 9 

19668888 

•810179 

3.9251 9F-5 

7  8  6  93288 

.837632 

9.8I2B9F-6 

Information  bit  rate  =  J  •  modulation  bit  rate 


Table  D-20.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Crystal  II"  Phase  Noise  (2  Terminals) 


{Losses  -  Soft  Decision  (3  bit).  R  ■  1/2,  K  ■  7,  Viterbi  Decoding  at  BLR  •  10 


PHACf  VARIANCES  V6.  DATA  PATF  * 

M-APY  PSk  m=  ? 

FR/NO:  1.3  PR 

POWF3  LOOP  1 mPlFmF NT  AT  1  ON 

Damping  f  A  C  T  OP  =  . 7^7107 


PMB 

RL 

PH-vAP ( TOT  > 

PH-vAP (TH) 

PH- VAR ( PN ) 

on.  rita/geci 

(H7) 

( OB-P  AD*«  ? ) 

(0R-9AD»»2) 

(DB-PaD,#? 1 

1200. 

17S.000 

-8.2772 

-8.2922 

-32.9209 

ABOO. 

175.000 

-1A.2A9S 

- 1 A . 31 28 

-32.6AB2 

19200. 

175.000 

-20.071  A 

-20. 333A 

-32. 39*5 

76Pno. 

175.000 

-25.275a 

-2t>. 35A0 

-31.8531 

307200. 

175.000 

-28.5923 

-32.37A5 

-30.9A7A 

1228800. 

175.000 

-30.0330 

-38.3952 

-30.717a 

A9 1 S20 0  . 

175.000 

-30.5170 

-AA.A157 

-30.6977 

ipaboboo. 

175.000 

-30.650A 

-50.A363 

-30.69A3 

DEMODULATION  loss  VS.  DATA  PATF 


MiNiMiiM-Feer  distancf  of  codf=io.o 

DEMODULATION  1 OSSF s  USING  GAn<SI»N 
APPROX.  APF  ACCUPtTE  WHEN  <  .116A69  OR 

TIKHONOV  APPPOx. 


PMB 

«L 

106S(THT) 

LOSS  f TH) 

1  OSS ( TOT ) 

LOSS 

'00.  RITS/cEC) 

(H7) 

(OB  > 

(081 

( DR  1 

(Of 

12O0. 

1 76.000 

.2036E  *01 

. 20?aF  »  0 1 

>6. 

>6. 

-800. 

175.000 

.2S20F  »00 

.2a71F  *00 

1.89 

1  .55 

19200. 

1 75.000 

.A878E-01 

.A559F-01 

<  .  1 

«.l 

76800. 

1 75.000 

.13A3F-01 

.1039F-01 

<.l 

«.l 

307200. 

176.000 

.6122E-0? 

•2533E-0? 

<  .  1 

< .  1 

1228800. 

175.000 

. A369F -02 

.6293F -03 

<.l 

<.  1 

A91S200. 

175.000 

.3O02F-02 

.157IF-03 

<  .  1 

* .  1 

19660800. 

1  7S.0O0 

• 3783E -02 

.3926F-0A 

<.l 

<  .  1 

*  Information  bit  rate  =  1/2  •  mxtuiadon  bit  rate 


TabU-  1)-21.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Cesium  IT"  Phase  Noise  (2  Terminals) 

{l  osses  -  Soft  Decision  (3  bit),  R  ■  1/2,  K  -  7,  Viterbi  Decoding  at  Bl  R  »  10 


phase  vap]a*.CFS  vs.  Data  PATE* 


w. jOv  Ps*  m  =  ? 


fn/Mlr  1.3  PH 


P0*Fc  LOOP  IMPLEMENTATION 
P  AMP  I NO  FACT  0P=  .707107 


PMP  PL 

(POO.  PITS/*EM  (H7) 


dh-vabitot)  ph-vap(Tn)  ph-vab(pn) 

(0B-oAn»«?t  ( ns-BAD**  ? )  (ob-pao**?) 


1  ?o  o  • 

5800. 
19200. 
76800. 
307200. 
1 228800  • 
5915200. 
1 9*60800 , 


1 75.000 

1 75.000 
17S.0O0 
175.000 
175.000 
1 75.000 
1 75.000 
175.000 


-P.2697 
-15.2150 
-19 .9554 
-25.5201 
-27.577P 
-25.5793 
-25.90*5 

-28.8956 


-8.2922 

-15.3128 

-20.3335 

-26.3550 

-32.3755 

-38.3952 

-55.5)57 

-50.5363 


-31.1509 

-30.8762 

-30.6278 

-30.0855 

-29.1773 

-28.9565 

-28.92*5 

-28.9252 


DF  WOO|  ll_  A  T  I  0kl  105*  V*. 


nATA  PATE 


MINIMIIM-FPFF  DISTANCE  of  CODF^IO.O 
DEMODULATION  LOSSES  USING  GAUSSIAN 
APPPOX.  APE  ACCURATE  WHEN  <  .116569  D« 


TIKHONOV  APPPOx. 


PMP 

Hl 

LOSS(TOT) 

(MOD.  ° I T  S/sf  r ) 

<<-7 ) 

<np) 

1200. 

1  75,000 

. 20  52E  *01 

5800  . 

1 75.000 

. 2555E ♦ 00 

19200. 

1 75.000 

.5050E-01 

7*800  . 

1 75.000 

. 1599F -01 

307200. 

1 75.000 

.7958F-02 

1 228800  . 

1 75.000 

,62«6F-02 

5915200. 

1 75.000 

.5823F -0? 

1 98*0800 . 

1  75.000 

.5703F-02 

•  Information  bit  rate 

1  j  •  modulaUon  bit  rate 

LOSS(TH)  i OSS ( TOT )  l OSS(T-) 

(D«)  (PRl  (CP) 


2025E  » 0 1 

>6  . 

>*  • 

25  7  1 E ♦ 00 

1 .76 

1 

8559F-01 

«.  1 

<  • ) 

1039E-01 

<.] 

< .  1 

2533F-02 

<  .  1 

<  •  1 

6293F  -03 

<.  1 

<  •  1 

1 57  If -03 

<  .  1 

< .  1 

3926E-05 

<  .  1 

<  •  1 

D-21 


Table  I)-22.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  With  "Crystal  II"  Phase  Noise  {2  Terminals  and  1 
Equivalent  Satellite) 


Losses  -  Soft  Decision  (.1  bit),  U  -  1  K  -  7,  Viterbi  Decoding  at  BKH 


10 


puflCf  VARIA*CrS  VS.  04  T  A  UATF  “ 

M-APV  PS*  Mr  P 

FR/Nn=  1.?  OR 
POwFo  l OOP  IMPLEMENTATION 
Damping  FACTO»=  .70710? 


OMR 

RL 

PH-VARtTOTl  Ph-vAP  t  Th) 

Ph-vAP ( PN ) 

(MOO.  RITS/sEn  <W7) 

(0P-PAD**2)  (OP-RAD**? 1 

(OP-RAD**?) 

l?on. 

] 75.000 

-8.?90? 

-8 . ?9?2 

-<*1 ,68?0 

48nn . 

175. non 

-1<*.30?<* 

-14.3128 

-40.5349 

19?00. 

175. Onp 

-?0.?775 

-20 .333a 

-39 . ? 1 S7 

76PO0  . 

175.000 

-26.0001 

-?6. 3550 

-37.0660 

307?no. 

175.000 

-30.3307 

-3?. 3745 

-3<*.5860 

1 ??R800 . 

1 75.000 

-32.7061 

-38.3952 

-34 . 07 1 R 

<*915?00. 

175.000 

-33.6490 

-44.4157 

-3<* .  0?R? 

l  9*,6nRnn . 

17S.000 

-33.92R1 

-50. <*363 

-34.026? 

DEMODULATION  lOSS 

VS.  DATA  PATE 

mjrjimiim-fpf f  o i stance  of  code 

=  10.0 

OF  MODI  IL  A  T  I  0*'  lOSSFS  USING  GAUSSIAN 

APPPO*.  APE  ACCURATE  WHEN  < 

. 1  16469  DR 

TlHHONOV  APPPO 

OMR 

RL 

l  OSS (TOT! 

LOSS(TM)  IDSSITOTI  L  PS 

(MOD.  RITS/sEf) 

<H7  1 

(OPI 

(DP) 

(DPI  ( 

1?00. 

1 75.000 

. 2P25F  *01 

. 2024F  *01  >6 

• 

>^A 

APOD. 

1 75.000 

.?479F*00 

. ?<*71F  *00  1.57 

l^S 

1 9?00  . 

1 75.000 

.4625E-01 

.4559E-01  <. 

| 

< .  1 

76B00  . 

175.000 

•1130F-01 

.1039F-0I  «. 

<  •  1 

30??00. 

1 75.000 

.4076F-0? 

. ?533F -0?  <. 

< .  1 

1??AR00. 

1 75.000 

.2346F-0? 

• 6293F -03  <• 

<  •  1 

<*91S?00. 

1 75.000 

.1885E-0? 

.1571F-03  <. 

< .  1 

1  ><660800. 

175.000 

.1757F-0? 

.  3926E  -0<*  «. 

<  •  1 

•  Information  bit  rate  -  1  '2  ■  modulaUoo  bit  rate 


[ 


Table  D-23.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Cesium  II"  Phase  Noise  (2  Terminals  and  1 
Equivalent  Satellite! 


{fosses  -  Soft  lk-cisioo  (3  bit i .  R  •  1  K  •  7,  Viterbi  Decoding  at  HI  R  -  Hi 


Phio  VS.  DATA  BATE* 


M-APr  PS*  Ms  ? 


f  P/M'':  1  .  7  OR 


pnwro  t  oop  tMPLf  Mf  ntat  io* 


DAMPING  r  AC  7  00  =  .707107 


OmP 

PL 

pw. vAP ! TOT  1 

Pn-vAO ( TM) 

PH-VAP (PNI 

(MOn.  PITS/SEC) 

(« 7 ) 

(OP-CAD**?) 

(DP-paD**?) 

(OB-BAD**? 

1?0P. 

1 7S.O0O 

-8 . ?89? 

-8.  ?9?? 

-  39 . 9 1 ?  0 

4800  . 

175.000 

-14.?97? 

-14.31?8 

-38.7649 

1 9?00  . 

175.000 

-?0 .  ?4<J8 

-?0 .3334 

-37.4509 

76800. 

175.000 

-?5.8330 

-?6.3540 

-35.3008 

707?00. 

175.000 

-?9.579? 

-3?. 3745 

-3?. 6187 

I  ??8PO0. 

175.000 

-31 . 3454 

-38.305? 

- 3? . ?996 

491 5?00 . 

175.000 

-3?. 0003 

-44.4157 

-3? . ?567 

(9460800. 

1 75.000 

-3?. 1»83 

-50.4363 

-3? . ?538 

pf  unrn n  a t  i o*  t  Oss  vs. 

DATA  PA  Tf 

MIMMnM-FPff  DISTANCE 

OF  CODE =10.0 

OE“ODi(LATIOn  lOSSFS  USING  GAI'SSJAN 
IPPPHI  .  ABf  ACCl/PATF  *mFN  <  .116449  P« 

T I K  MONO V  APPPO*. 


DMP  P|_ 

(nor-.  BiTs/scn  <«7t 


tO'C (TOT  t 
(OP  ) 


LOSS ( TM> 
(DP) 


l  OSS ( TOT ' 
(D«) 


L  OSS ( T“ t 

(DP) 


l?oo. 

4800. 
I9?oo. 
76800  . 
707?nn  . 

1 ??88oo . 

49l5?oo . 
19660800. 


175.000 
] 75.000 
1 75.000 
1 7S.000 
175.000 
1 7S.OOO 
1 75.000 
1 7S.000 


. ?0?6E •01 
,?4H3E*00 

.Aespf -oi 

.1 1 76F -01 
.4858F-0? 
•  3? 1 Pf -0? 
.?763F-0? 
.?645F-0? 


.?0?kF*0I  >6. 

,?<.71F.O0  I.OQ 

.4559F-01  <.l 

.1039F-0I  <.l 

,  ?5  3  3E -0?  <.l 

.6?93F-03  <.l 

. 1 57 1 F -03  «.) 

,39?6F-04  <.l 


>6. 

1 .05 
<  .  1 
< .  1 
<  .  1 
<.l 
<  .  1 
<•1 


•  Information  bit  raU'  =12'  mocfuIaUoc  bit  rate 


D-23 


Table  D-24.  Demodulation  Performance  -  Radiation  Inc. 
BPSK  with  "Cesium  II"  Phase  Noise  (2  Terminals  and  1 
Equivalent  Satellite),  PLL  Damping  £  1.0 

{Losses  -  Soft  Decision  (:i  bill,  R  »  1  K  »  7,  Viterbi  Decoding  at  HI  H  ■  lo 

PMA6F  VAP!A*OFS  vs.  DATA  PATF  * 

U.IPV  PS*  Mb  ? 

f  H/NO r  1,1  PM 
POwFD  LOOP  T  MPL  F  MF  NT  A  T I OM 
Damping  FACroo-  l.onooon 


DMP 

pi 

PH- v AP ( TOT  1 

Pm- vAP ITh| 

PH- VAO < PN ) 

(mod.  RJT^/^EC) 

(H7) 

<DB-pAD»«?> 

( DR-PAI)»«? ) 

(D0-PAO*?) 

l?on. 

1 7s.nno 

-B.?66 9 

-fl.?9?? 

-30.6414 

Aflnn, 

175. ooo 

-  1 4 . ?0  7  0 

- 14. 31 ?p 

-30.393? 

19?oo. 

175. ono 

-19.9043 

-P0.3334 

-30.1698 

768oo . 

1 75. non 

-?4 .695  1 

-?t>.  3540 

-?9.67B0 

307?oo. 

1 75 .onn 

-27. DO 

-3?. 3745 

-?fl.845S 

1 ??68oo . 

1 75. non 

-?«. 1944 

-38.395? 

-?8 .6303 

49]S?nn. 

175.000 

-?B.499] 

-44 .4157 

-?8.61 1« 

1  q6608po . 

175.000 

-?P.58?1 

-50.4363 

-?8 • 6 1 06 

DF  MOPl  It.  A  T  I  0»  I  OSS  vs.  OATA  PATF 


OiptanCF  OF  COOfrlfi.o 
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Tabic1  D-2G.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  HT-MT  Mod  Phase  Noise  (2  Terminals) 

•!losst  >  -  Sol t  I*iision  bill,  H  i  z%  K  7,  Viterbi  Decoding  ia  HF  H  lo 


AI'VI'.IJ  AhY  rfthhlFh 

i  r  a.  eel  y  f  act  >  *  =  .  eei 


L  "F  H ANJ r  U  !  PT* 
F-HA$F  Nil  SF  VAST A\rr 


AN  I  T  “i  F  l  »  » .  It  F  b  f*  i  >|  1 


i  sere' 

M  (?=  1  . 

m .  r 


AT  >K  SHFCI^AI.  CH  AS  Af!  7  F  /.  ]  S7  I  f.  S 


?f  F-  1  P 
1  HAP* 


H  A |  /*,? 


H  1  = 

H3  = 


H  Af 

hA|  *H*M  p 


M-AhY  PS* 


F  h'  NPs 


lb 


Mod. 


M' 


PI  T  HAT*-  * 

p  W  -  (  V  f.  > 

v--Rf  r 

H/S 

H  P 

1  !• 

■YP*7?pC 

i  pp 

-  >  .  1  <~iS'  f 

I 

i  c ' 

-  1?.  1S"1 

A  7  1  *«?{»!• 

i  pp 

-  1«.  t>l  XU 

l  pp 

-  PS? 

1  PC 

-  « 

CHINA  c  £T  v 

5  1  7  I  V I  1  r  A I 

it'  It 

r«Fv  ULAl  ! 

in  L7SSFS  UblNf 

h  US  51  AX’ 

APPH1X  AKF 

ArriihAT *■  whf  \j < 

.  i  rt 

PIT  K  a  tf 

sc  T  >1  ) 

L  1  SM  111 ) 

(  P  /  S  i 

<  (  hi 

f  lift 

PP7PPC 

ps.  q  .■  sg 

?  S .  O  9  a  a 

]  O  OO  o  f» 

7 .  HMf 

7.  11 S 

A3  1  'iPPP 

1 .  g  p  >  g  < 

1  .  H  1  «  Pvl 

J9  ** 

.  sg.<9 

.  fX?(M) 

7  * 

.  AM  I  f  7  7 

.  1  1  «'  1  1 

pr«-  VAM  I*  ) 
! 

-  1  7  AP  1 

-  1  P .  W.- 

*  i  *.  r  i  u  ^ 

p  a  - 

-  ms 


h~  -  V  *•  .*»  f  ►N) 
lo 

-  3?  .  4.2  *  * 

•  1r.  "  “  , 

•  a  i .  / J  r  i 

- pg  .  s  -  * 

- P '  .  \<  s 


Tikhonov  Approx. 
Loss(Toli  Loss  (THi 
(DBi  (DU  i 


>  r> 

>  t; 
>6 

1.0 

.95 


>  t> 
>0 

>  6 

.  65 
<  .  15 


‘.■.furir.ati'.r  hit  r  ite 


odulato  r  hit  rate 


D-2G 


Table  D-27.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Cesium  II "Phase  Noise  (2  Terminals) 

j  Losses  -  Soft  Decision  (3  bit),  R=j,  K=7,  Vlterbl  Decoding  BER-10'^| 
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Table  D-28.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Cesium  IT’Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-29.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Cesium  II"  Phase  Noise  (2  Terminals) 
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Table  D-30.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Cesium  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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{Loaaea  -  Soft  Declalon  (3  bit),  R»4,  K-7,  Vlterbl  Decoding  f  BER»1CT5[ 


Table  D-31.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  "Crystal  II"  Phase  Noise  (2  Terminals) 
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Table  D-32.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDM  A  With  "Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent 
Satellite) 
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Table  D-33.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Crystal  II"  Phase  Noise  (2  Terminals) 
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Table  D-34.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  With  "Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent 
Satellite) 
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Table  D-35.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  With  HT-MT  Mod  Phase  Noise  (2  Terminals) 
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Table  D-3G.  Demodulation  Performance  -  Raytheon  Inc.  BPSK  TDMA 
With  HT-MT  Mod  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite  i 
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Table  D-3£.  Demodulation  Performance  -  Raytheon  Inc.  QPSK  TDMA 
With  HT-MT  Mod  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 
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Table  D-39.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDMA  with  "Cesium,  II"  Phase  Noise  (2  Terminals) 


Phase  Variances  vs.  Data  Rate' 
at  Optimum  PLI.  Bandwidth; 
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Table  D-40.  Demodulation  Performance  -  Raytheon  Inc.  BPSK  TDMA  with 
"Cesium  II”  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 


Phase  Variances  vs.  Data  Rate" 
at  Optimum  PLL  Bandwidth 
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Table  D-41.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  with  "Cesium  II"  Phase  Noise  (2  Terminals) 
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Table  D-43.  Demodulation  Performance  -  Raytheon  Inc.  BPSK 
TDIVLA  with  "Crystal  II"  Phase  Noise  (2  Terminals) 
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Table  D-45.  Demodulation  Performance  -  Raytheon  Inc.  QPSK 
TDMA  with  "Crystal  II"  Phase  Noise  (2  Terminals) 


Phase  Variances  vs.  Data  Rate' 
at  Optimum  PLL  Bandwidth 

.  -  A  H  V  PC'  M  =  4 

t  h/. n  =  l.i  ■  - 

AtmiUlAwy  raui.it,.  <  »ctf» 

TIW  OnTv  tft  TO*  =  .  f.(j  1  onoeti 

DA’.PTmC,  far  Tip:  .  707)07 


out, 

•M. 

ph- V  ..w  (TOT) 

Oh-VAh(Th) 

Oh-vAG 1 his. 

(Mon. 

(VI 

(pM--a|i<>o?) 

lOtl.-tU**, 

307;>nn . 

-?<■  .4?<V 

-P7.<»4S3 

ve.Sb'V 

1  ??aa,t o . 

-?a.?\?b 

-31. aa?? 

-30 .bhHH 

4^)S?on. 

1.7  44 

-30. 31*0 

-3b. 7H71 

-  3 1 . 7bS  1 

m*,a,0HOP. 

?,9^u 

-31 .  t'?7  4 

-3v  .*b  1  7  1 

-3?. 3b’’'* 

7  H44  3?n  n  . 

-3P.3*a? 

-a?.  3<>33 

314n7dHOO. 

I  7  ,*•*? 

-■»P.0  3C» 

-43.74^7 

-33. 3v  7? 

DT  mooulaT  TO’  l 

v<c.  tiATa 

-ATT 

AT  OPT  I  M|  jm  ^aNfJk  !  i 

i  r« : 

st  nM  t  i  v  I  Ty  r.a  in 

(OH)  = 

1  n.no 

lit  «ni;i  it.  a  T  I  0’  l  iitoc  ncjMr, 

(.AIlU*.  I  A  A. 

auouru .  aut  acCi’t'ATt  >«t 

<  .uoiiniM  n« 

(  l«C  |  m,  t  ar  T  iiPr 

.  /I  H  V  7 

ClM4 

-1 

t  (•<■<;(  t°t  i 

LU'.S  (  T  -1 

(MOD.  TW  f  ) 

(•VI 

(  o-  ) 

(l)h) 

70 7?«r. 

.  *>H4 

. J47br ♦ 00 

.  )  uut-t  •  u  0 

1  ??»H„I,  . 

1  .OH  1 

.lH7it.no 

.  fHlnt  -ii| 

4VIJ  S^nn  . 

1  .7uH 

. IlfHt  *00 

•  7<-07t  -01 

1  4H*,nnnn . 

<>.<7*4 

.4 744* -01 

.  1  3b7t  -01 

(utatJnn. 

*> .  ?  a  ? 

.  7007t  -m 

,  7  1 4St  -0i> 

3  |  4  H  7dHOll  . 

1  7.*<V 

.► 1 7St -0) 

.SfMf  -0,7 

♦Information  bit  rate  =  $  •  modulation  bit  rate 

{Losses  -  Soft  Decision  (3  bit),  F  =  i,  K  =  7,  Viterbi  Decoding  @  BEF  =  10  S( 


Table  D-46.  Demodulation  Performance  -  Raytheon  Inc.  QPSK  TDMA  with 
"Crystal  II"  Phase  Noise  (2  Terminals  and  1  Equivalent  Satellite) 


Phase  Variances  vs.  Data  Rate" 
at  Optimum  PLL  Bandwidth. 
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